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Preface
This publication results from a symposium, 
“Aflatoxin in Com,” held in Kansas City, Missouri, 
on February 14,1990. The symposium was orga­
nized by the Technical Committee of North Central 
Regional Project NC-151 (Marketing and Delivery 
of Quality Cereals and Oilseeds) and was held in 
cooperation with the Technical Committee of North 
Central Regional Project NC-129 (Occurrence of 
Mycotoxins in Feeds and Foods and Their Effects 
on Animal and Human Health). The program was 
organized by Dr. O. L. Shotwell and members of 
both regional committees. Dr. Shotwell also re­
viewed the manuscripts.
An earlier symposium held in Atlanta, Geor­
gia, January 26-27, 1982, was organized by the 
Technical Committee of Southern Regional Project 
132 (Mycotoxins of Com and Other Feed Grains) 
and resulted in the 1983 publication “Aflatoxin and 
Aspergillus flavis  in Com." U. L. Diener chaired the 
program committee and edited the manuscripts. The 
1983 publication was one o f the first comprehensive 
reviews on aflatoxin in com and was an important 
source of information to scientists working on the 
problem and to the com industry.
As we discussed the 1990 symposium to be 
held by NC-151 and NC-129, it was agreed that the 
presentations should update the 1983 publication. 
Authors and participants were requested to present 
research done since 1983, covering the current sta­
tus of their designated topic and presenting promis­
ing topics for future research. Although many of the 
speakers were active in NC-151 and NC-129 
projects, other persons with specific expertise were 
invited to participate, including scientists from the 
Southern Regional Information Exchange Group, 
SRIEG 51 (Mycotoxins of Food and Feed Grains).
Before 1983, there was a tendency to assume 
that aflatoxin contamination of com was a problem 
unique to the South. In 1975, however, aflatoxin 
was detected in com grown in southwestern Iowa 
and northwestern Missouri, causing marketing of 
com to be dismpted during the harvest season.
The “crisis” in 1975 resulted from an errone­
ous perception of a problem rather than a significant
contamination of com by aflatoxin. However, 
drought conditions in the Midwest in 1983 and 
1988 led to significant incidence of aflatoxin in 
com. It is now accepted that aflatoxin can occur in 
drought-stressed com in the Midwest, affecting the 
quality and safety of com destined for domestic and 
export markets.
The extent of the research on aflatoxin in com 
is obvious from the manuscripts presented at the 
1990 symposium. Scientists from the South and 
Midwest participated in the symposium, represent­
ing Federal agencies, state universities, and experi­
ment stations. Plant pathologists, agricultural engi­
neers, mycologists, microbiologists, entomologists, 
veterinarians, and geneticists and analytical, organ­
ic, and biochemists participated in the studies that 
led to the manuscripts presented at the symposium. 
Effective research on mycotoxins and their control 
must be multidisciplinary and must involve the co­
operation of teams of scientists. Structures such as 
regional research committees (NC-151 and NC- 
129, for example) greatly enhance team building.
This bulletin, “Aflatoxin in Com: New Per­
spectives,” should be useful to research scientists, 
extension personnel, and workers in the com indus­
try— growers, distributors, and processors. It is a 
summary of cooperative research efforts to serve 
the public by keeping aflatoxin-contaminated com 
out of food and feed and, perhaps, eventually by 
preventing its formation.
NC-151 Marketing and Delivery of Quality Cereals 
and Grains
CSRS-USDA Representative - L. Frank Flora
Administrative Adviser - James H. Brown
Coordinator - N. David Schmidt
NC-129 Occurrence of Mycotoxins in Feeds and 
Foods and Their Effects on Animal and Human 
Health
CSRS-USDA Representative - Mel Mathias
Administrative Adviser - Walter R. Woods
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Epidemiology of Aspergillus flavus in Corn
D.T. Wicklow
Agricultural Research Service 
U.S. Department of Agriculture
Introduction
Preharvest contamination of com (Zea 
mays L.) with aflatoxin, a metabolite produced by 
the fungus Aspergillus flavus Link: Fr., is a recur­
rent problem in the southeastern United States, but 
occasional serious outbreaks also occur in the Mid­
west Com Belt (21). Aflatoxins are recognized as 
potent hepatotoxins and carcinogens, causing mor­
tality or reducing the productivity of farm animals 
(89). Aflatoxin-contaminated foodstuffs also have 
been associated with increased incidence of liver 
cancer in humans (39). In com-producing regions, 
the economic impact from yield loss is not very 
large, but A. flavus contaminates the grain with afla­
toxin. Fungal toxins reduce the value of grain as an 
animal feed and devalue it as an export commodity 
(74).
Any strategy that reduces the extent of af­
latoxin contamination of com will result in a safer 
and more valuable food supply for humans and ani­
mals. Plant pathologists and com breeders have thus 
far been unable to identify com genotypes with sub­
stantial resistance to aflatoxin contamination. On 
ears in the field, A. flavus  grows saprophytically on 
the remains of kernels damaged by insects or birds. 
These damaged kernels can become contaminated 
with substantial quantities of aflatoxin (i.e., to as 
much as 300,000-600,000 ppb). Aflatoxin also ac­
cumulates (to as much as 4,000 ppb) in many of the 
adjacent intact kernels. It does not take a large 
quantity of these aflatoxin-contaminated kernels to 
contaminate bulk grain with >20 ppb aflatoxin. At 
present, the only reliable method for preventing af­
latoxin from entering the food chain has been the 
detection and segregation of aflatoxin-contaminated 
produce.
Source and Survival of 
Inoculum
Aspergillus flavus produces yellow-green 
conidia that function in dispersal and as infective 
inoculum, in addition to long-lived survival struc­
tures called sclerotia. Both types of propagules are
associated with damaged com kernels (Figure 1) 
and are dispersed onto the ground during combine 
harvesting (111, 112). Conidial germination and 
hyphal growth in A. flavus are sensitive to soil my- 
costasis (40). Sclerotia also can form on naturally A. 
flavus-infested maize kernels incubated on nonster- 
ile soil (113). Buried sclerotia are able to survive 
overwintering in Georgia and Illinois (104). The 
sclerotia germinate sporogenically to produce large 
quantities of conidia on successive crops of yellow- 
green conidial heads (108).
Wicklow and Wilson (117) found that scle- 
rotium germination occurred in maize fields just 
before silking. Shade provided by the maize canopy 
may help to retain moisture at the soil surface and 
thus promote germination because sclerotia exposed 
for the same interval on fallow, bare ground adja­
cent to each field did not germinate. Stack and Pettit 
(90) reported sporogenic germination of buried scle­
rotia at soil moisture tensions between 0 and 10 
bars. This is an important discovery because we
Sclerotium
Figure 1. Schematic diagram, not to scale, showing the 
relationship between primary and secondary inoculum in 
the life cycle of A. flavus (108).
now realize that simple burial of A .flavus  sclerotia 
will not necessarily prevent sclerotia from germinat­
ing and colonizing dead roots and other plant resi­
dues (91).
In addition, soil-inhabiting fungivorous 
mites are attracted to germinated A.flavus  sclerotia 
and feed upon the conidia (J. Lussenhop and D.T. 
Wicklow, unreported observation). The mites can 
disperse these conidia throughout the soil and carry 
them through cracks in the peanut fruit (4). Schroe- 
der and Ashworth (86) found large quantities of af- 
latoxin in peanut kernels where pod openings result­
ed from growth cracks. Batra et al. (7) suggested 
that A.flavus  conidia may have been vectored to 
alfalfa by mites and thrips that usually harbored 
yeasts and fungal spores on their exteriors and were 
observed to crawl in between closed petals. Might 
the hypothetical floral route of infection for A .fla ­
vus in peanuts (33) involve inoculum transmission 
by similar arthropod vectors? It is not surprising 
then that com following com and com following 
peanut rotations were associated with increased A. 
flavus density in field soil (35).
The most widely accepted model of A .fla ­
vus contamination of com (21) involves three steps;
(a) airborne or insect-transmitted inoculum contami­
nates the silks and grows into the developing ear;
(b) portions of the ear having kernels damaged by 
insects or birds become infested with A .flavus  and 
contaminated with aflatoxin; (c) cultural factors that 
stress the plant, such as drought and high tempera­
tures, increase susceptibility to fungal infection.
One source of this airborne inoculum could be the 
conidia produced after sporogenic germination of A. 
flavus sclerotia (108). The presence of A.flavus  
propagules in field soils or on crop residues also 
could lead to contamination of silks when the top­
soil is disturbed during cultivation of adjacent 
fields. Contaminated insects may vector the fungus 
directly to silks. Lepidopteran caterpillars and birds 
damage maize ears, providing entries for fungal col­
onists as well as substrate (damaged kernels) in 
which A.flavus  becomes established (1,94). Marsh 
and Payne (67) propose in connection with their 
silk-invasion model that the presence of A.flavus  on 
kernel surfaces would allow the fungus to rapidly 
infest any kernels that become damaged.
Soil microbial ecologists and agronomists 
have a real opportunity to join in research to under­
stand the dynamics of A .flavus  populations in soils 
under cultivation (2, 34, 68) and to formulate strate­
gies for reducing levels of soil inoculum. In collabo­
ration with D. M. Wilson, I contrasted the survival 
o f A .flavus  sclerotia and conidia buried for up to 3 
years (Oct. 1986 - Oct. 1989) in sandy soils in 
southern Georgia, with a subtropical climate, or in 
central Illinois, with a temperate climate (118, D. T. 
Wicklow and D. M. Wilson, unpublished data). The 
actual burial sites at each location were abandoned 
fields, last cultivated approximately 15 years earlier.
Dilution platings of soil samples collected 
before sample burial in 1986 revealed no A.flavus 
colonies at the Illinois location, but A.flavus  was 
recorded (<100 colony-forming units/g) in 50% of 
the soil samples collected from the Georgia loca­
tion. The results have shown that A. flavus conidia 
disappear within the first year of field exposure, but 
that a majority of the sclerotia was viable after 3 
years.
Wicklow and Wilson (118) also have dis­
covered that Paecilomyces lilacinus (Thom) Sam­
son accounts for 85% of the fungal colonists from 
rotted A .flavus  sclerotia, evidence that strongly sug­
gests mycoparasitism and not simply the saprophyt­
ic colonization of damaged or killed sclerotia.
Penicillium lilacinum (= P. lilacinus) was 
first isolated as a colonist of another fungus, a ba- 
sidiocarp of Polystictus, by Tubaki (98). Paecilomy­
ces lilacinus was reported to be a mycoparasite by 
Karhuvaara (48), who isolated “strain No. 80” from 
the sclerotium of Sclerotinia sclerotiorum (Libert) 
deBary.
In a companion study, P. lilacinus strain 
No. 80 rotted sclerotia of S. trifoliorum Erikss., 
Sclerotinia borealis Bubak & Vleugel, and Clavi- 
ceps purpurea (Fr.) Tulasne (66). The sclerotia, har­
vested from cultures grown on agar medium or, for 
C. purpurea, from ears of infected rye, were inocu­
lated with P. lilacinus conidia and incubated (20° C) 
on autoclaved quartz sand in Petri dishes. The same 
approach was used to produce rotting of A.flavus 
sclerotia by P. lilacinus (118).
I know of no other examples implicating P . 
lilacinus as a colonist/mycoparasite of another fun­
gus (23, 37). Paecilomyces lilacinus has long been 
recognized as a parasite of insects (84). More re­
cently, attention has focused on the ability of P . li­
lacinus to parasitize eggs of the root knot nematode
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(25,43). It therefore comes as no surprise that P. 
lilacinus can degrade chitin (76).
The A. flavus population of any habitat 
grows with inputs of new propagules (i.e., hyphal 
cells, conidia, and sclerotia) and through immigra­
tion (i.e., conidia vectored by insects). The fungal 
population cannot continue to exist in a given place 
if the outputs resulting from the death o f propagules 
and emigration exceed inputs. From a demographic 
perspective, the A. flavus colony or clone can be 
viewed in terms of a population of parts, such as the 
leaves or stems produced from the same root sys­
tem of bamboo (100).
Thus, the hyphae, conidia, and sclerotia 
that make up a single A. flavus clone can be exam­
ined as separate populations, each having its own 
survivorship curve. Population growth and mortali­
ty is not the same from year to year, even with 
abundant resources for A. flavus, because of yearly 
variations in the physical conditions of the environ­
ment that are independent of population size.
Miller et al. (72) reported that A. flavus 
occurred in 10-27% of the isolation plates made in 
a survey of forest and cultivated soils from Georgia. 
In fields planted with different crops and in adja­
cent woodlands, the biological situation of the local 
populations of A. flavus may be qualitatively differ­
ent. Should one of the local populations of A. flavus 
become extinct, the habitat may be recolonized 
from other local populations, thus enabling A. f la ­
vus to “spread the risk” of extinction (19).
Sclerotial Chemical Defenses
The survival of fungal sclerotia has been 
examined in connection with their abundant nutri­
ent reserves, their ability to resist stresses in the 
physical environment, such as desiccation (16,
120), and their resistance to microbial attack (62). 
The means by which sclerotia reduce the negative 
effects of predation by fungivorous arthropods also 
are being examined (105, 107, 110, 115). Afla- 
vinines, secondary metabolites distributed exclu­
sively in A. flavus sclerotia, deter feeding by Car- 
pophilus hemipterus L. (Nitidulidae: Coleoptera) 
(110). The adult beetles will consume the mycelium 
and conidia of A. flavus, but not the sclerotia. Four 
natural products with the aflavinine ring system 
were isolated as major components of A. flavus 
sclerotia with antifeedant activity against C.
hemipterus (31,110). These sclerotial metabolites 
were not detected in the mycelium, conidia, or me­
dium from which the sclerotia were harvested.
Do the the dark brown to black pigmented 
phenolic materials found concentrated in the outer 
rind of fungal sclerotia (11) represent “quantitative” 
defenses like the phenolic polymers (i.e., tannins) 
that reduce the digestibility of plant tissues (82, 93)? 
Tannins are difficult for herbivores to evolve resis­
tance against but also are metabolically expensive to 
produce. Distribution of pigmented phenolic poly­
mers in the sclerotium rind is an effective means of 
defending the sclerotium.
In earlier reviews, I have offered interpre­
tations on the adaptive value of other A. flavus  phe­
notypic characters (102, 103). Examples of the 
physiological/biochemical attributes of A. flavus that 
define its ecological niche may be gleaned from a 
large selection of literature (e.g., 20, 21, 22, 38, 73, 
75, 95, 108).
Insect Transmission of A. flavus
Initial attempts to identify insects that 
might vector A. flavus to maize proved inconclusive 
(21). Although many kinds of insects collected from 
com ears carry A. flavus (29), collections have typi­
cally been made late in the season when secondary 
inoculum of A. flavus is so abundant that insects are 
more likely to become contaminated. Moths of the 
com earworm, Heliothis zea (Boddie), and Europe­
an com borer, Ostrinia nubilalis (Hiibner), have 
been implicated as vectors o f A. flavus inoculum to 
maize ears because earworm larvae and the kernels 
damaged by larvae may be contaminated with A. 
flavus (56) and because adult moths collected during 
an 8-year period at a light trap (Coastal Plains Ex­
periment Station, Tifton, Ga.) were contaminated 
with A. flavus (69, 70). Many different insects are 
attracted to light traps, and the moths may have be­
come contaminated in the collecting jar. Mycologi- 
cal examination of moths collected from pheromone 
traps would be more convincing. Presumably, the 
moths would contaminate the silks with A. flavus 
when depositing their eggs. In this scenario, both the 
fungus and the developing caterpillar larvae would 
enter the ear through the silk channel. Where the 
moths become contaminated with A. flavus is not 
known. Neither insect has actually been found to 
transport A. flavus to maize ears in the field.
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Might other insects that colonize ears dam­
aged by these larvae actually transmit the infective 
inoculum? Lussenhop and Wicklow (63) demon­
strated the role o f nitidulid beetles (Nitidulidae: Co­
leóptera) in transmitting A. flavus infective inocu­
lum to preharvest maize ears in commercial maize 
fields in the Georgia Coastal Plain, U.S.A., in 1985-
87. Carpophilus lububris transmitted conidia of a 
tan sclerotial strain o í A. flavus, NRRL 13461, to 
both silks and wounded-kemel tissues in release 
and recapture experiments as well as when caged 
with ears in wire-mesh sleeves. Nitidulid beetles 
also were associated with the presence of A. flavus 
in ears.
At the same time, there was no significant 
association between the presence of com earworms 
and the presence of A. flavus in ears. The nitidulids 
gain entry to the ears through wounds caused by 
other insects and birds and are capable of entering 
some ears on their own, particularly where loose- 
husked varieties of com provide ready entry sites 
(see paper by P. F. Dowd, page 335). Downed and 
overwintered com ears that become infested with A. 
flavus represent an important source of infective 
inoculum. This is because populations of nitidulid 
beetles also colonize these molded ears. Lussenhop 
and Wicklow (63) found that 68% of the nitidulids 
(e.g., Carpophilus lugubris and Carpophilus free- 
mani) associated with overwintered, A.flavus- 
molded, maize ears were contaminated with A. fla ­
vus at the time maize was silking.
Nitidulids were shown to consume the 
conidia and mycelium of A. flavus (110), and sub­
sequent observations have revealed that A. flavus 
conidia can germinate after passage through the 
nitidulid gut. There is no information on the feeding 
choices nitidulid beetles make upon encountering 
different kernel-rotting molds or their toxins in na­
ture. Should nitidulids avoid feeding on crop debris 
infested by specific molds, it is less likely that these 
molds will be vectored to preharvest com. In Geor­
gia, nitidulids that feed on downed maize ears are 
contaminated with A. flavus and other mycotoxin- 
producing aspergilli and penicillia [i.e., Aspergillus 
flavipes (Bain. & Sart.) Thom and Church, As­
pergillus niger van Tieghem, Aspergillus terreus 
Thom, Eupenicillium ochrosalmoneum Scott & 
Stolk, etc.] (106).
Windels et al. (124) showed that nitidulid 
beetles (Glischrochilus quadrisignatus Say) on com 
were associated with Fusarium  species encountered 
in mold-infested ears that were buried during till­
age. Glischrochilus quadrisignatus has been shown 
to transmit conidia and ascospores of Gibberella 
zeae (Schw.) Petch (anamorph state = F. graminea- 
rum Schw.) to com ears experimentally wounded to 
simulate bird or insect damage (3). The beetles be­
came contaminated by colonizing molded com ears 
that were buried as deep as 15 cm (30). A. flavus 
and aflatoxin are often correlated with insect dam­
age because nitidulid beetles are attracted to 
wounds made by other insects such as the com ear- 
worm. A significant association between earworm 
damage, presence of nitidulid beetles, and incidence 
of aflatoxin contamination in com has been report­
ed in the southern United States (57). Curiously, the 
authors did not consider the possibility that nitidu­
lids were potential vectors of A. flavus. Nitidulid 
aggregation patterns in cornfields could explain the 
irregular distribution of A. flavus and aflatoxin 
among damaged ears from the same field (121). It 
is not surprising then that their role in vectoring A. 
flavus or other mycotoxin-producing fungi to com 
ears has been underestimated. For example, Wid- 
strom et al. (119) concluded that an unobserved in­
sect vectored A. flavus to ears damaged by com ear- 
worm larvae because insecticides reduced aflatoxin 
contamination, but contamination was not directly 
caused by com earworm larvae. The role of nitidu­
lids in vectoring A. flavus also explains why Lille- 
hoj et al. (58) found that a fungicide sprayed on 
silks did not affect aflatoxin levels: nitidulids could 
have carried inoculum directly into com earworm 
wounds.
In the model that John Lussenhop and I 
described (63,106), nitidulid beetles overwinter in 
crop residues. Because some crop residues (e.g., 
maize ears) are substrates for A. flavus, the nitidu­
lids become contaminated (Figure 2). When A.fla- 
vws-contaminated nitidulids fly to damaged maize 
ears, they contaminate the wounds with A. flavus. 
The fungus can then spread to infect the adjacent 
undamaged kernels (114). The cycle is completed 
by release of spores and sclerotia from contaminat­
ed ears during harvesting; these, plus unharvested 
ears, fall to the ground and begin the next genera­
tion.
MATURE MAIZE CROP WITH OR WITHOUT SYMPTOMS OF EAR ROT 
Combine harvesting disperses A. flavus sclerotia and spores 
Maize ears downed at harvest 
Vertebrates refuse mold-rotted toxigenic kernels
Year 2
Sclerotium germination
Microarthropods disperse A. flavus spores within soil
A. flavus colonize maize residues 
Detritivorous insects (e.g., nitidulids) colonize maize residues 
Nitidulids feed on molded maize residues 
Residue comminution and decomposition losses 
EAR DAMAGE FROM LEPIDOPTERAN LARVAE, BIRDS, AND DROUGHT STRESS 
NITIDULIDS ATTRACTED TO DAMAGED MAIZE EARS
A. FLAVUS INOCULUM DEPOSITED WITH NITIDULID FECES 
A. FLAVUS ESTABLISH IN DAMAGED KERNELS AND SPREAD TO INTACT KERNELS
AFLATOXIN CONTAMINATION
Figure 2. A simplified conceptual model of how preharvest maize becomes infected with A. flavus and contaminated 
with aflatoxins. Events occurring in the standing maize crop are depicted in UPPER CASE LETTERS, with action on 
ground indicated by lower case letters (106).
These results explain why efforts to identi­
fy maize genotypes resistant to A. flavus kernel rot 
and aflatoxin contamination have been so unsuc­
cessful (18). No maize genotype has a complete 
defense against ear-feeding insects, and no half- 
eaten kernel is resistant to molding by A. flavus. It 
is in these damaged kernels where the bulk of the 
aflatoxin is produced.
Refusal Factors Produced by 
Kernel-Rotting Fungi
In the research arena known as mycotoxi- 
cology, there is now a wealth of published informa­
tion on the production, occurrence, and toxicity of 
fungal metabolites to vertebrates but a dearth of
hypotheses as to the importance of such compounds 
to the producing organism (89). Janzen (41) recog­
nized that mycotoxins defend potential fungal re­
sources (e.g., seeds and fruit) from larger seed- or 
fruit-eating animals. He was able to bridge organ­
ism-group boundaries in pointing out that microbes 
and animals may compete for the same resources. 
Downed maize ears offer a rich reward to those 
seed-eating rodents, birds, deer, cattle, or swine 
found foraging in maize fields after harvest.
During the winter, low temperatures limit 
insect activity; therefore, the molded kernels that 
detritivorous beetles might consume in warmer pe­
riods are at less risk. By summer of the following 
year, the undamaged kernels from most of the ex­
posed ears either have been consumed by verte-
brates or have become rotted by molds, with only 
the most heavily molded kernels remaining on the 
cob.
These mold-rotted kernels also are con­
taminated with mycotoxins and other fungal metab­
olites. This is where the ability of the fungal colo­
nist to produce mycotoxins (e.g., tremorgens or re­
fusal factors) would protect it from being consumed 
with the grain. These molded ears then become a 
source of infective inoculum that nitidulids may 
transmit to the next year’s maize crop (Figure 2). It 
is not known if any A .flavus  metabolites cause re­
fusal of molded maize ears. Aspergillus flavus pro­
duces aflatrem and B-nitropropionic acid, which 
have neurotoxic effects (15) and could deter feed­
ing by vertebrates. Might other compounds be rela­
tively nontoxic, yet function in warning the verte­
brate seed-eater o f the more ominous toxins a fun­
gus produces?
Entomopathogenicity
Aflatoxin is a potent insecticide and che- 
mosterilant against a wide variety of insect species 
fed aflatoxin Bj as a dietary supplement (125). This 
toxin is produced only by species of Aspergillus 
that are known to parasitize insects [i.e., A .flavus  
var .flavus’, A .flavus  var. parasiticus (Speare) 
Kurtzman et al.; and Aspergillus nomius Kurtzman, 
Horn, and Hesseltine] (52,53).
Bennett (9) reasoned that if toxic 
polyketides provide a selective advantage in killing 
the insect hosts of A.flavus, the evolution of insect 
detoxification systems should lead to the synthesis 
of increasingly potent polyketides such as aflatoxin 
B . Support for Bennett’s hypothesis is found in 
data published by Jarvis et al. (42) and in genetic 
evidence that variable resistance to perorally ad­
ministered aflatoxin B t in Drosophila melanogaster 
is due to a complex polygenic system (14).
Does aflatoxin represent A. flavus’ final 
opportunity to escalate this chemical “arms race”? 
Can toxin synergism involving coproduced metabo­
lites (24) be further exploited as an evolutionary 
option by A .flavus? Interestingly, in the northwest­
ern United States, aflatoxigenic strains of A. nomius 
parasitize the ground-nesting alkali bee, Nomia me- 
landeri Ckll., causing heavy losses to bee popula­
tions (7, 52), yet grain produced in the region is not 
subject to preharvest aflatoxin contamination.
There is no confusion here as to the significance of 
aflatoxin production in the natural habitat. My view 
is that insects and not plants hold the important 
clues to understanding the genetic-molecular regula­
tion of “host” resistance to aflatoxin biosynthesis in 
A.flavus.
In the role of insect pathogen, A.flavus  can 
rapidly kill its host by producing toxins (13). Insects 
may be killed: (a) by ingesting A.flavus  toxins con­
taminating their food (7, 8 ,109,122); (b) by con­
suming “large quantities” o f toxin-containing A. 
flavus conidia (97), an observation made all the 
more significant by substantial quantities of aflatox­
in found in A .flavus  conidia (115); or (c) from neu­
rotoxic metabolites released by infective hyphae 
(13), as suggested by observations of neuromuscular 
dysfunction in diseased insect larvae (92).
Entomopathogenic fungi that kill an insect 
host and colonize the cadaver produce antibiotics 
that prevent bacterial rotting and decay (17,27). 
Aspergillus flavus produces aspergillic acid, an anti­
bacterial metabolite and mycotoxin, as well as neu- 
rotoxins such as B-nitropropionic acid and aflatrem 
(15, 107,125, 128), each of which may function in 
discouraging animal consumption of the cadaver. 
The compact, often hard, mass of pathogen myceli­
um that forms within a dead insect is commonly 
referred to as a “sclerotium” (64). Aspergillus flavus 
sporulates heavily on insect cadavers and also may 
form “true” sclerotia. Where does one find A.flavus 
or A. nomius sclerotia in natural ecosystems? As- 
pergillus flavus, like other hyphomycetes that attack 
insects [i.e., Beauveria bassiana (Bals.) Vuill., 
Metarhizium anisopliae (Metschnikoff) Sorokin, 
Paecilomyces farinosus (Dicks, ex Fr.) A. Brown &
G. Sm., etc.], is routinely isolated from soil and var­
ious organic substrates (23). Batra et al. (7) photo­
graphed sclerotia of Aspergillus sclerotiorum Huber 
that had formed in subterranean cells of an alkali 
bee population reared in a laboratory insectary. In 
nature should one expect to find sclerotia of A. no­
mius in the cells of diseased alkali bees? Do sclero­
tia of A .flavus  form on the cadavers of insects it has 
killed?
Phytopathogenicity
Unlike other conidial fungi that parasitize 
insects, A .flavus  is osmotolerant and also can infect 
seeds. Aspergillus flavus is routinely isolated from
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floral nectar and the honey stomachs of foraging 
bees and successfully colonizes the mixture of hon­
ey and pollen that forms the bees’ provision (7). The 
fungus is known to have killed a large percentage of 
the larvae in cells o f ground-nesting bees (7,59). In 
parasitizing adult honeybees, A .flavus  is able to 
grow in the bees’ honey stomach (12).
The fungus also can successfully invade 
the glycogen-rich flight muscles of insects (10). 
Therefore, A.flavus  also is highly adapted for colo­
nizing carbohydrate-rich seeds at reduced substrate 
moisture levels (21, 75). When preharvest maize 
kernels are wounded by insects, there is a rapid dry- 
down to moisture levels at which A .flavus  has a 
competitive advantage over potential fungal com­
petitors (47). Other toxin-producing entomogenous 
fungi (e.g., Beauvaria, Metarrhizium, etc.) fail to 
colonize maize ears or infect the kernels.
Aspergillus flavus is a necrotrophic patho­
gen of maize kernels, deriving nutrients from cells 
that are killed in advance of the invading hyphae 
(88), particularly the lipid-rich nucellar tissues (28). 
A histological study of invasion of the com ear and 
kernel by A .flavus  revealed that vascular bundles 
(xylem and phloem elements) and aerenchyma cells 
collapse long before fungal contact, suggesting a 
phytotoxic effect (88).
There is no evidence that aflatoxin func­
tions as a phytotoxin in promoting A .flavus  infec­
tion of seeds. Aflatoxin can be taken up and translo­
cated by com roots with no apparent ill effects to 
the host (71), and strains of the fungus that do not 
produce aflatoxin are routinely isolated from infect­
ed maize kernels (116). Schoental and White (85) 
reported that 25 ug/ml aflatoxin inhibited the germi­
nation of cress seeds (Lepidium sativum  L.), and 10 
ug/ml induced chlorophyl deficiency in seedlings, 
with a complete absence of green color in the 
leaves.
Other A. flavus metabolites may be phyto­
toxic; crude extracts prepared from aflatoxin-con- 
taminated peanut meal produced yellowish chlorotic 
leaves at only 5 ug/ml. Sterigmatocystin and kojic 
acid had no detectable effect on the germination or 
leaf color of the seedlings when tested in concentra­
tions up to 100 ug/ml. Might A.flavus  “recognize” 
the oil-rich seeds of some crops as insects and attack 
them with several entomotoxic metabolites (e.g., 
aflatoxin, cyclopiazonic acid, kojic acid, etc.)?
Stress and Aflatoxin
Drought stress, nitrogen stress, and crowd­
ing of com plants all are associated with A.flavus  
contamination and aflatoxin (1 ,18 ,46). The possi­
ble cause of this association is the greater suscepti­
bility of stressed com plants to fungal invasion 
(45). As one example, Jones et al. (46) suggest that 
leaf rolling to reduce water stress exposes silks to 
airborne inoculum for a longer time in nonirrigated 
fields than in irrigated fields. Jones and Duncan 
(45) found greater aflatoxin levels in com grown in 
the more drought-prone soils of the coastal plain 
than in the tidewater region of North Carolina 
where the soils have a greater water-holding capaci­
ty. Payne et al. (80) have shown that irrigation re­
duced kernel infection when silks of a com hybrid 
grown on irrigated versus nonirrigated plots were 
inoculated with A .flavus  and covered with a bag to 
restrict insect access.
Aflatoxin levels were significantly greater 
in kernels from plants grown at the hottest daily 
temperature in plant growth chambers (96). Zuber 
et al. (130) found that plant stress, especially during 
grain-filling stages, affected the amount of aflatox­
in. High temperatures proved more important than 
lack of moisture, yet both enhanced aflatoxin lev­
els. In Illinois, com yields were reduced almost 
40% at a night air temperature from flowering to 
maturity of 29.4° C (a house constructed of cotton 
duck tarpaulin was placed over the field plot each 
night and heated with electric cone heaters) com­
pared with a night air temperature of 18.3° C for the 
control (81).
Stress-related damage to kernels may ex­
plain the substantial aflatoxin contamination re­
corded for com grown at elevated (30° C) night 
temperatures (47, 88). Unfortunately, Smart et al. 
(88) were unable to determine if the severely wrin­
kled and damaged kernels were a result of physio­
logical stress from the high temperatures alone or 
resulted from the ear being infected with A.flavus.
It is difficult to select for drought stress 
resistance when conditions necessary for its expres­
sion cannot be controlled. Very little breeding for 
drought resistance per se has taken place (87). Com 
hybrids are often selected for near optimal condi­
tions of water availability, yet frequently are grown 
under less than ideal soil moisture. The widespread 
adoption of practices such as increased populations,
high-yielding hybrids, and increased fertilizer appli­
cations has intensified the magnitude and frequency 
of moisture stress in com.
The greatest reduction in grain production 
is caused by moisture stress imposed at the silking- 
pollination stage with a lack o f silk emergence 
while pollen is being shed (5). This yield reduction 
is related to the lower number of kernels that form 
on the ear. Drought stress after flowering may be of 
greater significance to aflatoxin contamination be­
cause there is evidence of yield reduction resulting 
from poor filling of the grain (83, 123). Should 
poor kernel filling under water stress also result in 
the formation o f stress cracks, it would enable A. 
flavus to infest the germ and nucellar tissues in the 
absence of insect damage (88).
Although different responses to drought 
stress have been observed among com hybrids, the 
physiological and morphological differences that 
confer drought resistance or susceptibility are not 
well understood. Characteristics such as longer, 
more dense root systems may explain the differenc­
es in performance of com hybrids capable of main­
taining greater leaf water potentials during severe 
drought stress (60, 61). Com breeders point out that 
despite a limited direct effort by breeders, modem 
com hybrids are genetically superior to hybrids of 
past decades in their ability to withstand drought 
stress (44).
Cuticular Defenses
Aspergillus flavus produces extracellular 
hydrolytic enzymes that enable it to penetrate the 
cuticle o f some insects, digesting the lipids, protein, 
and chitin components of the integument (13,40). 
Yanagita (126) found no relationship between the 
activity of lipase in strains of A. flavus and their 
pathogenicity to B. mori larvae; but chitinolytic ac­
tivity did parallel pathogenicity. Aspergillus flavus 
can penetrate the integument at points where the 
epicuticle becomes naturally abraded (50,92). The 
insect integument represents a formidable barrier to 
A. flavus infection, but the fungus is able to emerge 
through the cuticle of a diseased insect, presumably 
because the established mycelium can produce 
more enzymes (10).
Aspergillus flavus infected and killed a 
majority of the larvae and all of the adults of the 
giant silkworm Platysamia cecropia L., but pupae
were resistant to infection; hyphal attack of the pu­
pae followed the removal of the waxy epicuticle 
(92). Koidsumi (50) found that lipids in the exuviae 
of Japanese silkworms (Bombyx mori) exhibited 
antifungal activity to A. flavus, and he suggested 
that free medium-chain length unsaturated fatty 
acids in the cuticle, presumably caprylic and capric 
acid, were responsible for this antifungal activity. 
Lipids extracted from B. mori strains showing resis­
tance to A. flavus had greater antifungal activity 
than those from susceptible strains (51). Do cuticu- 
larized seed coats (testa) present the same barrier to 
A. flavus as the cuticularized integuments of insect 
pupae?
Aspergillus flavus presumably gains entry 
to the germ through random breaks in the testa of 
otherwise intact maize kernels (88), groundnuts (6, 
32), and cottonseed (54). The cuticular layers of 
seeds have their origin in the ovule (26). Capric and 
caprylic acid are components of cuticular/seed lip­
ids in many plant species (R. Kleiman, personal 
communication). Do these fatty acids also function 
in protecting seeds from pathogenic fungi? Seed 
pathologists should find it interesting that a “phy­
toalexin-like” response was recorded in which ca­
pric acid accumulated as the most fungitoxic of sev­
eral fatty and aromatic acids in iris bulbs infected 
with Penicillium, but capric acid was not detected 
in healthy bulbs (49). Significantly, these fatty 
acids are not components of seed lipids in aflatoxin- 
susceptible crops such as maize, cotton, peanuts, 
pistachio nuts, almonds, or pecans (R. Kleiman, 
personal communication). Insect feces/frass can 
represent an important source of A. flavus inoculum 
on com  ears (106,129). Is insect frass also a source 
of microbial or insect-derived cutinases and cellu- 
lases? If  so, it could degrade the cuticle and cell 
walls of the seed coat, thus removing natural barri­
ers to A. flavus infection of the germ.
Genetic Variation in Natural 
Populations
Aspergillus flavus consists of numerous 
heterokaryon compatibility (h-c) groups (79), also 
. known as vegetative compatibility groups (VCG). 
Parasexual genetic investigations of A. flavus var. 
flavus and A. flavus var. parasiticus (77,78) re­
vealed that successful heterokaryons could only be
322
formed among complementing auxotrophs derived 
from the same strain, and, therefore, gene flow did 
not occur between strains. Asexual genetic ex­
change under field conditions has not been reported 
for A .flavus  or any other fungus, but is probably 
limited to members of the same h-c group. Papa 
(79) recorded 22 h-c groups among 33 strains of A. 
flavus isolated from 29 different com samples har­
vested from 15 Georgia counties. Papa (79) theo­
rized that A. flavus sclerotia such as those reported 
to form on com kernels (113) could provide the 
means by which genetically diverse populations, 
different h-c groups, would accumulate in a single 
field. Do these h-c groups represent naturally occur­
ring ecotypes, originating from different habitats 
and reaching the com by separate means? Might the 
A.flavus  strains representing such ecotypes also 
show a characteristic set o f ecologically relevant 
phenotypic attributes (e.g., aflatoxin, entomotoxici- 
ty, pathogenicity, sclerotia, etc.)?
Entomopathogenic fungi in seasonal habi­
tats may have sacrificed their teleomorph state and, 
thus, the ability for genetic recombination in ex­
change for the massive production of dry conidia 
(27). The production of massive quantities of dry 
conidia would be an important adaptation to sea­
sonal population explosions of host insects (27).
For example, A.flavus  is reported to have produced 
an epizootic in locust (Schistocerca gregaria) pop­
ulations (55).
Nearly all pathogenic fungi have sexual 
stages. Fungal pathogens “learn” to attack a geneti­
cally uniform host, and, therefore, only by continu­
ally changing its genotype can the host survive, 
forcing the pathogen to be sexual also if it is to 
keep up the attack (36). In this example, the ecolog­
ical value o f  sex is a version of the “Red Queen” 
hypothesis (99) where a species must continually 
evolve to survive in a world full o f other evolving 
species.
Aspergillus flavus populations, h-c groups, 
that produce different kinds and quantities of toxins 
would be less likely to force the rapid selection of 
new biological races of resistant insects. In plant 
populations this evolutionary process has been 
compared to the delay in development o f insecti­
cide resistance by alternating insecticides with dif­
ferent modes of action (101).
Spatial variation in a selection pressure
can lead to a gradient in gene frequencies or in phe­
notypes that is called a cline. The distribution of the 
ratio of aflatoxin-producing and nonproducing 
strains of A .flavus  throughout the islands of Japan 
(65) probably represents such a cline. The regular 
dispersal of A. flavus conidia and the diversity of 
niches supporting A. flavus populations have proba­
bly smoothed over any sharp changes in selection 
pressures influencing aflatoxin production. It has 
recently been shown that A .flavus  isolates from 
different sources, presumably representing different 
h-c groups, may vaiy significantly in their toxicity 
and ability to kill lepidopteran caterpillars (109).
In northern latitudes, selection may favor 
those individuals that do not rapidly kill their host. 
Evans (27) has theorized that members of the Ento- 
mophthorales are better able to maintain the parasit­
ic phase and be dispersed by living insects because 
these fungi do not kill their hosts with toxins. If  A. 
flavus can successfully overwinter within a living 
insect host, sclerotium production might be less 
critical to survival.
Summary
This chapter examines sources of A.flavus  
inoculum in cornfields, the different means by 
which an infective inoculum may be delivered to 
the ripening ears, and the environmental determi­
nants of aflatoxin contamination. The aflatoxin 
problem in com may be exacerbated by (a) picker- 
sheller combines that disperse A .flavus  sclerotia 
and leave lodged ears that overwinter to become 
heavily molded and infested with nitidulid beetle 
vectors of A.flavus  and other mycotoxin-producing 
fungi; (b) minimal-tillage that leaves reservoirs of 
A .flavus  inoculum (i.e., sclerotia, downed ears) on 
or near the soil surface; and (c) the current popular­
ity of maize hybrids with loose husk coverage, al­
lowing for rapid diy-down in the field. An integrat­
ed disease management program should seek to 
eliminate relevant sources of A .flavus  inoculum 
and devise strategies for intercepting the insect vec­
tors of this inoculum.
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Abstract
Over the last few  years, corn production in 
Georgia has declined from  2.1 million to 0.6 million 
acres planted annually. The decline is partly attrib­
uted to chronic insect damage and associated afla- 
toxin contamination in preharvest grain. A  13-year 
survey o f  preharvest corn in Georgia revealed that 
the incidence o f detectable aflatoxin contamination 
ranged from  37% o f the fields in 1984 to 97% in 
1980. The average fie ld  level ranged from  27 ng/g 
in 1989 to 636 nglg in 1977.
Research has demonstrated that, overall, 
kernels o f  tight-husked hybrids contain significantly 
less aflatoxin than kernels o f  loose-husked types. 
Studies also have shown that hybrids had a unique 
linear rate o f  aflatoxin increase during ear matura­
tion. Chemically extractable ingredients that inhibit 
Aspergillus growth have been found in some corn 
germplasm. High-amylose corn accumulated less 
aflatoxin (391 nglg) than corresponding versions o f  
dent (2,622 nglg), flin t (2,088 nglg), or waxy (981 
nglg). High temperature, high humidity, and heavy 
morning dew, conditions that often occur in Geor­
gia during ear development, favor aflatoxin devel­
opment. Additionally, planting date, species o f  dam­
aging insects, insecticide applications, fertilization 
rate, and irrigation have a significant impact on the 
amount o f  aflatoxin contamination in preharvest 
corn.
Genetic studies indicate that resistance to 
aflatoxin synthesis can be identified, improved, and 
transferred. Aflatoxin contamination in corn can be 
minimized by using good management practices of: 
(a) planting adapted hybrids; (b) adjusting the 
planting date to avoid the hottest, most humid time 
at plant silking; (c) fertilizing and irrigating proper­
ly to reduce plant stress; and (d) harvesting and 
drying grain as soon as possible.
Com production in Georgia has under­
gone considerable change in recent years. During 
the 1930s and 1940s, estimated annual yield losses 
due to ear damage by a complex of insects, espe­
cially the com earworm, Heliothis zea (Boddie), 
averaged 10% (7). From the 1950s through the ear­
ly 1970s, these losses declined to about 2% a year 
(12). Approximately 2.1 million acres of mostly 
southern-adapted hybrids with characteristically 
good husk cover were planted in the early 1970s, 
when average yields ranged from 50 to 60 bushels 
per acre. By the late 1970s, however, the desire by 
Georgia producers to increase yields as well as re­
duce grain drying costs resulted in the planting of 
more open-husk, quick dry-down, high-yielding 
Com Belt hybrids. This change to hybrids not com­
pletely adapted to the southern area resulted in in­
creased agronomic stresses to the plant, as well as 
an estimated threefold increase in com earworm 
damage (22).
In 1977, a turning point for com produc­
ers in Georgia, several adverse field production 
factors, such as an early-season drought, heavy in­
sect populations, and high temperature favoring 
Aspergillus flavus and A. parasiticus growth, re­
sulted in a devastating crop loss. More than 1.1 
million acres of com were abandoned that year as 
being unfit for harvest. Since 1977, com acreage in 
Georgia has dropped to about 0.6 million acres.
The yield, however, has consistently increased, and 
in 1989 should average about 100 bushels per acre.
A USDA-ARS research project on afla­
toxin contamination in com was established in 
1977 at the Insect Biology and Population Manage­
ment Research Laboratory at Tifton, Ga. In 1978, 
the University of Georgia established the Mycotox- 
in Analysis Research Laboratory at Tifton. The 
three main objectives of the USDA project were:
(a) to determine the severity of aflatoxin contami­
nation in preharvest com produced in the South­
east, (b) to identify factors contributing to aflatoxin 
contamination, and (c) to identity existing hybrids 
and develop new com germplasm with resistance 
to aflatoxin formation. Very little information was 
available on the incidence and level of naturally 
occurring aflatoxin in preharvest com, so a yearly 
survey in the Georgia coastal plain was initiated. 
Approximately 90% of the state’s com is grown in 
this region. The survey procedure involved select-
Table 1. Data from a 13-year survey of randomly selected mature dent cornfields in the Georgia coastal 
plain.3
C orn earw orm  dam aged ears
% x cm
Aflatoxin contamination
%
Concentration ng/g
Y ear plant penetration fields Avg. Range
1977 100 ' 4.0 90 636 0 - 4708
1978 60 2.0 85 61 0 - 620
1979 55 1.7 74 68 0 - 3029
1980 56 1.8 97 217 0 -1 6 1 6
1981 99 3.4 84 91 0 -  634
1982 79 2.7 57 92 0 - 1730
1983 b — 89 128 0 - 608
1984 98 2.8 37 37 0 -  400
1985 74 2.7 60 48 0 -  781
1986 88 2.6 97 193 0 - 2024
1987 94 3.3 76 91 0 -  768
1988 91 3.9 78 132 0-1551
1989 58 2.3 47 27 0 -  287
aData for 1977-82 from McMillian et al. (14). 
^Data not recorded.
ing at random each year an average of 54 mature 
cornfields with grain averaging 20% moisture. The 
techniques employed to measure insect damage to 
the ear, and to harvest, process, and analyze grain 
samples for total aflatoxins (B,+ B2 + G,+ G2) were 
generally described by McMillian et al. (13).
During the 13-year survey period (1977- 
89), the percentage of insect-damaged ears ranged 
from 100% in 1977 to 55% in 1979 (Table 1). Also, 
the average damage to an ear ranged from 4.0 cm of 
kernel penetration in 1977 to 1.7 cm in 1979 (14). It 
should be noted that, for 1977, the 4.0 cm of aver­
age ear damage was recorded on ears in the best 
production fields because poorer fields were de­
stroyed early in the season before they could be sur­
veyed. It should be further noted that insect damage 
of 1 cm translates to approximately 1.5% actual 
crop loss. This value, however, does not take into
account any quality loss in the remaining grain.
Aflatoxin levels during the same period 
ranged from no detectable aflatoxin in some fields 
up to 4,708 ng/g in the most contaminated field 
(14). One o f the bright spots of the chronic aflatox­
in problems in Georgia is that each year we do have 
fields containing com with little or undetectable 
amounts of aflatoxin. In 1980,97% of the fields 
sampled contained aflatoxin-contaminated grain, 
whereas only 37% of the fields examined in 1984 
were contaminated. The average field contamina­
tion of 636 ng/g for 1977 is an all-time high for the 
survey period, but the average field contamination 
of 27 ng/g observed in 1989 is an all-time low. 
Overall, it seems that increased aflatoxin concentra­
tions occur in a 2-3 year cycle; 1977,1980,1983, 
1986, and 1988 were all years when the average 
field contamination exceeded 125 ng/g. Additional-
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ly, interregional studies (1 ,5) have shown that the 
incidence and amount of aflatoxin contamination is 
usually greater in Georgia test plots than in test 
plots in other states.
Burg and Shotwell (3) detected 3,850 ng/g 
of aflatoxin in dust collected at the front of a com­
bine harvesting com in a Georgia field that had a 
grain contamination level of 1,640 ng/g. Dust col­
lected inside the combine cab contained 1,360 ng/g 
aflatoxin. Dust samples collected during the grind­
ing of com that contained 1,240 to 1,850 ng/g afla­
toxin were found to contain aflatoxin levels ranging 
from 0 to 43,700 ng/g. Airborne dust collected in a 
grain elevator contained 1,270 ng/g aflatoxin during 
unloading, whereas air near the conveyor belt con­
tained 13,000 ng/m3. This degree of air contamina­
tion, in addition to grain contamination, also might 
pose a health hazard to man and animals.
Aflatoxin is produced by two members of 
the A. flavus group, A. flavus and A. parasiticus. 
Both fungi can invade preharvest com, but A. flavus 
is recovered (90% of the isolates) more often from 
com in Georgia than A. parasiticus (10% of the iso­
lates) (4). Lillehoj et al. (5) found that approximate­
ly 75% of the A. flavus group isolates recovered 
from com earworm larvae collected from develop­
ing ears in Georgia were aflatoxin producers. Wick­
low and Wilson (15) found that A. flavus sclerotia 
germinated and produced conidia (spores) on the 
soil surface in a Georgia cornfield 8 days before 
silking. These spores could contaminate vectoring 
insects emerging from the soil and be transported or 
could be wind blown to ears during plant silking.
Studies have identified a complex of fac­
tors that help minimize aflatoxin development in 
preharvest com grown in Georgia. One of the most 
important considerations is the planting of suitable 
hybrids. Southern adapted hybrids with characteris­
tically tight, complete husk cover should be used as 
much as possible. Barry et al. (1) and McMillian et 
al. (11) demonstrated that, in Georgia, hybrids with 
loose, incomplete husk cover could sustain aflatoxin 
contamination 4 to 10 times greater than could hy­
brids with tight, complete husk cover. Three-year 
evaluations of com germplasm at Tifton, Ga., (19) 
have demonstrated a range in aflatoxin accumula­
tion (Geom x) from 31 ng/g to 320 ng/g in popcorns 
(9), from 10 ng/g to 18 ng/g in dent inbreds, and 
from 82 ng/g to 156 ng/g in sweet com inbreds.
Widstrom et al. (18) evaluated various kernel geno­
types having endosperms classified as amylose ex­
tender, brittle, dull, floury, normal, shrunken, soft 
starch, sugary, or waxy in B37 X Oh43 (dent) and/ 
or Ia453 X Ia5125 (sweet) backgrounds. Field and 
laboratory tests demonstrated significant differences 
among genotypes for A. flavus and aflatoxin devel­
opment. Overall, mycelial growth and aflatoxin 
were clearly enhanced by the presence of sugary 
endosperm; more restricted A. flavus growth was 
characteristic of starchy types. Additionally, Wid­
strom et al. (20) have determined that, under field 
conditions in Georgia, each com hybrid evaluated 
had a unique linear rate of aflatoxin accumulation 
during ear development. They determined further 
that the practice of evaluating hybrids based on dif­
ferences in aflatoxin concentration in grain near 
physiological maturity (about 8 weeks postsilking) 
provided the best data.
A recent evaluation o f five commercial 
hybrids tested under field conditions at Tifton, Ga., 
revealed a range in aflatoxin contamination from 62 
ng/g to 345 ng/g. Although contamination was evi­
dent in all germplasm tested, these data further dem­
onstrate the availability of a wide diversity of germ­
plasm.
Widstrom et al. (17) are currently develop­
ing a com population resistant to the development 
of aflatoxin. The germplasm was derived from a 
single ear on a typical plant of an unidentified com­
mercial com hybrid collected from a farmer’s field 
in Georgia in 1980. The ear seemed to be segregat­
ing for kernels of three distinct phenotypes in a 
checkerboard fashion with respect to color and visi­
ble A. flavus spomlation. Kernels that seemed dis­
colored and infected were separated into one group 
and designated as (McMillian’s Aflatoxin Selection) 
MAS-susceptible. The undamaged yellow kernels 
with no apparent infection were put in a separate 
group and designated as MAS-resistant. Groups 
(populations) were increased and field tested for 
aflatoxin contamination over 4 years. When inocu­
lated in the field, the resistant selection sustained 
less aflatoxin contamination (Avg. = 258 ng/g, 
Geom x) than the susceptible selection (Avg. = 663 
ng/g, Geom x). It is hoped that the resistant germ­
plasm can be further improved and released for use 
in breeding programs. Preliminaiy crosses of the 
resistant population with other germplasm suggest
f a b l e  2. Aflatoxin level in A.flavus  silk-inoculated 
test crosses at Tifton, Georgia, 1987.
Corn pedigree
Aflatoxin level8 
(ng/g)
F6 x MAS res. 44
**
F6 x MAS sus. 68
F44 x MAS res. 44
**
F44 x MAS sus. 488
NC224 x MAS res. 20
**
NC224 x MAS sus. 93
Ab 18 x MAS res. 239
ns
A b i8 x MAS sus. 160
DDSA 25-1 x MAS res. 21
**
DDSA 25-1 x MAS sus. 230
DDSA 64-2 x MAS res. 18
**
DDSA 64-2 x MAS sus. 58
DDSB 75-1 x MAS res. 59
ns
DDSB 75-1 x MAS sus. 82
DDSB 81-3 x MAS res. 50
*
DDSB 81-3 x MAS sus. 188
SC324 x MAS res. 21
**
SC324 x MAS sus. 151
a * an(j ** indicate that paired logarithmic means were 
significantly different by LSD test at P = 0.05 and P = 
0.01, respectively.
that the resistance can be transferred (Table 2). Pre­
liminary laboratory bioassays of a crude methanol 
extract of com kernels indicate that hybrid B37 X 
C103 contains ingredients that inhibit A.flavus  
growth (6). In these studies, the extract was applied 
to paper discs, air dried, and then placed on agar 
medium inoculated with A.flavus. A .flavus  growth 
on and around the discs was inhibited for several 
days.
Insects and their resultant damage are a 
leading contributor to the aflatoxin problem in 
Georgia. McMillian et al. (11) found that preharvest 
ears contaminated with A .flavus  spores and infested 
with maize weevils, Sitophilus zeamais (Motschul- 
sky), sustained significantly more aflatoxin (329 ng/ 
g) than contaminated ears infested with fall army- 
worms, Spodoptera frugiperda (J. E. Smith), (80 ng/ 
g); European com borers, Ostrinia nubilalis (Hub- 
ner), (71 ng/g); or com earworms, Heliothis zea 
(Boddie), (60 ng/g). Ears in the check plots (inocu­
lated with A.flavus  only) sustained significantly 
less aflatoxin (37 ng/g) than did ears in any of the 
insect treatments; some background insect damage 
occurred in the check plots, although no insects 
were applied. In other insect studies, Barry et al. (2) 
determined that the wheat curl mite, Eriophyes tuli- 
pae (Kifer), often found on the tip of developing 
com ears, did not enhance aflatoxin contamination. 
Other research (16) has shown that applications of 
insecticide to com plots in Georgia significantly 
reduce insect damage and aflatoxin contamination 
but do not completely eliminate damage or contami­
nation. Limited field studies at Tifton involving the 
application of fungicide to developing silks have 
failed to show a significant degree of control of ei­
ther A. flavus or aflatoxin formation (5). Further­
more, the application of spores of A .flavus  and A. 
ñiger, either alone or in combination, to developing 
silks of preharvest com in Georgia revealed that A. 
niger, a non-toxin producer, did not inhibit A.flavus 
from producing large amounts of aflatoxin in the 
mature grain. Aflatoxin in the combination plots 
averaged 933 ng/g, whereas plots with A.flavus 
alone averaged 795 ng/g. Aflatoxin in the A. niger 
plots averaged 152 ng/g.
In a laboratory test with com inoculated 
with A.flavus  and A. parasiticus and infested with 
the maize weevil, McMillian et al. (8) found that 
kernels with high amylose sustained less aflatoxin
—
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accumulation (391 ng/g, Geom x) than kernels o f a 
1 dent genotype (2,622 ng/g, Geom x). The Flint and 
waxy genotypes sustained aflatoxin levels o f 2,088 
ng/g (Geom x) and 981 ng/g (Geom x), respective­
ly. Treatments with weevils plus A. parasiticus gen­
erally resulted in significantly greater aflatoxin ac­
cumulation than treatments with weevils plus A. 
flavus.
Heavy morning dews that often occur in 
Georgia seem favorable for enhancing aflatoxin ac­
cumulation in preharvest com (10). In a 2-year field 
study comparing ears sprayed with a water mist in 
the morning (simulated dew) either once or three 
times a week, aflatoxin accumulation in grain at ma­
turity averaged 205 ng/g in the multispray, 90 ng/g 
in the single spray, and 78 ng/g in the unsprayed 
check. Insect damage also tended to be greater in 
the sprayed plots.
Irrigated cornfields in Georgia usually sus­
tain significantly less aflatoxin contamination than 
nonirrigated fields. For example, in 1988, 17 irrigat­
ed fields selected at random averaged significantly 
less aflatoxin (40 ng/g) than 26 nonirrigated fields 
(200 ng/g) selected at random. In other studies, data 
suggest that nitrogen fertilization may affect afla­
toxin contamination. Com grown with nitrogen de­
ficiency or excessive nitrogen may elevate aflatoxin 
contamination (21). Preliminary studies at Tifton, 
Ga., where high- and low-zinc fertilizers were used, 
have demonstrated no clear effect on aflatoxin con­
tamination in mature ears (unpublished data, W. W. 
McMillian). Also, a survey of com plants with up­
right or drooped ears at maturity indicated no signif­
icant difference in aflatoxin contamination in grain 
as a result of ear posture (6).
Simple correlations (* = statistically signif­
icant at P = 0.05, ** = statistically significant at P = 
0.01) pooled over years (1977-82) among data 
means from studies in Georgia reveal a positive as­
sociation between the percentage of ears with visi­
ble A. flavus and the percentage of ears with visible 
insect damage (0.17**), and between the percentage 
of ears with visible A. flavus and the amount of in­
sect damage to ears measured in centimeters of 
feeding penetration down the ear tip (0.50**). A 
positive correlation also was found between the 
amount o f aflatoxin accumulation and the percent­
age of ears with visible insect damage (0.15**), and 
between aflatoxin accumulation and the amount of
insect damage measured in centimeters o f feeding 
penetration (0.32**). Simple correlations among 
yearly means (1977-82) showed that aflatoxin con­
tamination was positively correlated with mean 
temperature (0.86*) and total net evaporation 
(0.82*) (14). Relationships are predictably closer 
for years when contamination is most severe, but 
trends still emerge for years in which aflatoxin con­
tamination is minimal.
Our research demonstrates that a complex 
of factors influences the ultimate degree of insect 
damage, A .flavus infection, and aflatoxin contami­
nation in preharvest com grown in Georgia. Al­
though we may never completely arrest this natural 
phenomenon, we can minimize the development of 
elevated alfatoxin contamination by good manage­
ment practices. In particular, we can (a) plant hy­
brids that provide good husk protection; (b) adjust 
the planting date to avoid the hottest, most humid 
conditions at plant silking; (c) reduce plant stress 
through proper fertilization and irrigation; and (d) 
harvest and dry the grain, early.
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I Abstract
The potential fo r  nitidulids (sap beetles, 
picnic beetles) (Coleóptera: Nitidulidae) to vector 
mycotoxin-producing fungi, including Aspergillus 
flavus, to corn, and methods fo r  controlling these 
insects, are explored. Nitidulids have been recog­
nized as vectors o f  several different fungi fo r  many 
years, but their ability to vector mycotoxin-produc­
ing fungi to crops such as corn has been recognized 
only recently. Nitidulids seem well adapted to vec­
toring these fungi because available studies indicate 
that they are resident to naturally occurring levels 
o f mycotoxins, can carry the fungi both externally 
and internally, are attracted by odors produced by 
the fungi and are synchronized with the U. S. corn 
crop. Mechanical harvesting and open-husked vari­
eties, as well as damage by caterpillars, provide nit­
idulids with readily available access to corn. Al-
I  though there are insecticides that control nitidulids, 
they are generally too costly fo r  use on fie ld  corn. 
Parasites and pathogens are presently o f  limited 
use. Potential low-cost measures fo r  nitidulid con-
J  trol include resistant plant varieties and attractants
useful fo r  monitoring or trapping-out strategies.
Introduction
Nitidulids (Coleóptera: Nitidulidae), also 
known as sap beetles or picnic beetles, are cosmo­
politan insects that can be important pests o f either 
field crops or stored products (37). They are typical­
ly less than 10 mm long, dark, and have clubbed an­
tennae, with a few segments of the abdomen visible 
behind the wing-covers when seen from above (10). 
The materials they infest include sap flows; flowers;
I  decaying plant materials; field crops such as tree and 
bush fruit, melons, tomatoes, pineapple, and com; 
and stored products such as dried fruit, stored grain, 
peanuts, cottonseed, spices, drugs, sugar, and honey 
(37). The presence of microorganisms, including 
fungi, on these materials often seems to act as an 
attractant for these insects (37).
Although many insects have been associat­
ed with the vectoring of mycotoxin-producing fungi
J  ____ .__________________________________________
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under field conditions (77), the potential for nitidu­
lids to play this role has been overlooked until re­
cently. But reports of nitidulids as vectors of species 
of fungi now known to produce mycotoxins predate 
the realization that fungi were the source o f these 
toxins. These insects are opportunistic and, thus, 
would be likely to vector whatever fungi are preva­
lent in a particular environment to crops such as 
com. Therefore, my discussion will cover more than 
just Aspergillus flavus, to promote understanding of 
the potential for nitidulids to vector other mycotox­
in-producing fungi as well.
Nitidulids as Vectors of Fungi
Many species of nitidulids have a long his­
tory of vectoring various yeasts and fungi, including 
those known to produce mycotoxins. Vectoring abil­
ity is usually defined by two criteria: the ability of 
artificially contaminated insects to carry inoculum 
to a host and isolation of contaminated insects apart 
from the host. The driedfruit beetle, Carpophilus 
hemipterusx is widely known to carry “souring” 
yeast to ripening figs (3, 12, 18, 65). These yeasts 
were later found to include species of Candida, Sac- 
charomyces, Pychia, and Torulopis (52). The dried- 
fruit beetle also contaminates figs with Aspergillus 
niger (33, 58, 65) and unspecified species of As­
pergillus, Penicillum, and Rhizopus (12). The dried- 
fruit beetle also vectors brown rot o f stone fruit 
(Monilia fructicola) (57, 68) and Ceratocystis para- 
doxa to pineapple (13).
The dusky sap beetle, Carpophilus lugu- 
brisx is recognized as a vector of oak wilt, Cerato­
cystis fagacearum  (4 ,19 ,20 , 31, 38 ,55 ,78), along 
with other nitidulids such as Glischrochilus spp. (20, 
39, 40). Species of Glischrochilus seem to vector 
Ceratocystis fimbriata  to fruit (53) and aspen (36), 
as well as vectoring Fusarium oxysporum, F. solani, 
F. moniliforme, F. tricinctum, F. roseum  (76), and 
F. graminearum (5) to com. Thus, considering the 
variety of fungi these insects are reported to vector, 
the discovery of the ability of C. lugubris, C. 
hemipterus, and C.freemani to vector the aflatoxin- 
producing Aspergillus flavus to com (48) should not 
be surprising, but has evidently been overlooked for 
many years.
A brief review of the life history of these 
insects and their association with com will help ex­
plain why they are vectors of mycotoxin-producing
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fungi and point to the importance of dealing with 
these insects as a means of reducing aflatoxin con­
tamination of U. S. com.
Nitidulids and Corn
Besides being a cosmopolitan pest of dried 
fruit and other stored products, the dried fruit beetle 
also is a pest o f figs in the field (37). It is widely rec­
ognized as part o f the complex of Carpophilus spp. 
that can cause severe problems in sweet com (16,
17). This results in a large quantity of sweet com 
being rejected at canneries (16); the dusky sap beetle 
is another offender. These insects are associated with 
field com and have apparently become an increasing 
problem since the introduction of mechanical har­
vesting and no-till practices. (16, 60, 61).
Because of spillage, mechanical harvesting 
provides a ready source of material for these insects 
to feed on, especially after the material has become 
infested with microorganisms (16, 60, 61). No-till 
practices allow com ears to accumulate on the sur­
face or be only slightly buried, as opposed to being 
deeply buried after plowing, which makes them 
readily accessible to nitidulids and slows their de­
composition (16).
But the presence of these insects in com 
during the growing season can easily be overlooked 
because many are less than 3 mm long, and they tend 
to hide under materials and within com kernels and 
cobs. Their aggregative tendencies (which makes 
them infrequently encountered in common sampling 
procedures) and their short duration on com (leaving 
once the com begins to dry down for moister hosts 
such as ripening and decaying fruit) confounds this 
problem. Nitidulids often enter ears damaged by 
com earworms or European com borers (60,61) and 
leave the com while these insects are still present, so 
part o f the damage attributed solely to caterpillars 
may be caused by nitidulids. This is especially tme 
when ears are examined only at harvesting for partic­
ular types of insect damage. Thus, unless one is spe­
cifically looking for nitidulids in field com through 
use of appropriate monitoring procedures, their con­
tribution to damage and their associations with A. 
flavus are likely to be underestimated.
#
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Nitidulid Adaptations for 
Vectoring Fungi to Corn «
Nitidulids are well adapted for using com 
as a host. Tasseling com is very attractive to these 
insects (16), and they have been observed to feed on 
the pollen on tassels, as well as on pollen that has 
fallen into the leaf axels and com silks (16). Once 
the ears begin to fill, the insects will invade the ears 
by any means at hand. Wounds, whatever the cause, 
are readily used by these insects to gain access to the 
ears, but they also are capable of entering on their 
own (16,67).
Once again, the advent of mechanical har­
vesting has contributed to this problem because the 
loose-husked varieties of com favored for their rapid 
dry-down provide ready entry sites for nitidulids 
(16). In addition, C. lugubris seems well synchro­
nized for invading com in Illinois because the first 
generation of adults emerges just before com begins 
to pollinate (in 1988 and 1989) (Dowd, unpublished 
data). Overlapping generations can subsequently be 
found on com throughout the season when the com 
is in the appropriate stage (16), possibly because of 
the long lifespan of the adults [typically 4 months 
(16) or even 7 months (67)].
The relationships between nitidulids, fungi, 
and figs (or oak) are relatively well understood, but 
this is not tme for the interaction between nitidulids, 
fungi, and com. Based on earlier work with other 
commodities, it seems reasonable that fungus-infect­
ed com might be more attractive to nitidulids than 
uninfected com. Nutritionally, fungi are thought to 
be better sources of nutrients than plant material 
(66). There are some instances when nitidulids seem 
to feed preferentially on fungi as opposed to fruit 
(52). Thus, it is the fungal part of the plant infection 
that appeals to nitidulids.
The nitidulid-fungus interaction is thought 
by some to be a mutualistic association (20): The 
fungi benefit by being transferred to new host sites, 9
and the nitidulids benefit by having a more nutri­
tious food source. This is similar to situations where 
a more obligate relationship exists between insects 
and fungal plant pathogens, such as in the ambrosia 
beetle which spreads the ambrosia fungi to trees and 
then feeds on the fungi as they develop within the 
trees.
4
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Nitidulids seem more resistant to mycotox- 
ins, including aflatoxin B 1 (25), than other corn- 
feeding insects (such as the com earworm) (21-23, 
27, 28), and nitidulids actually metabolize a repre­
sentative trichothecene up to 10 times the rate cater­
pillars do (29). Thus, it becomes even more advan­
tageous for these insects to vector mycotoxin-pro- 
ducing fungi because they are able to exclude po­
tential competitors/predators (such as caterpillars) 
by the presence of the fungally produced mycotox- 
ins. There is a logic behind the vectoring of myco- 
toxin-producing fungi by nitidulids that is not as 
evident for other suspected insect vectors.
It is obvious nitidulids are well prepared to 
vector mycotoxin-producing fungi because of their 
resistance to mycotoxins and capability to use fungi 
as food, with the exception of sclerotia (75). The 
various pits and hairs that cover the insects are 
known to provide collecting sites for the spores Of 
oak wilt fungi (40) and are likely to collect the 
conidia of mycotoxin-producing fungi. The spores 
of oak wilt fungi (38, 53) and A.flavus  (Wicklow, 
unpublished data) are known to survive passage 
through nitidulid guts and will successfully germi­
nate. Nitidulids are attracted to the volatiles pro­
duced by fungi, such as ethanol (64) and acetic acid 
(20,54). “Fruity esters,” which also may be pro­
duced by mycotoxin-producing fungi, also attract 
these insects (1 ,2 , 64), as do structurally related 
compounds.
Although nitidulid contamination is rela­
tively minor in some instances where it has been 
studied in relation to yeast (18) or oak wilt (34, 40), 
the aggregating tendencies of these insects would 
tend to promote infection even if initial inoculum 
density is low. Once one contaminated insect finds 
an aggregation, all o f the insects present (which 
may number in the thousands, depending on the 
host) are likely to become infected and thereby 
serve as vectors. Reasons for subsequent dispersal 
are presently unknown, other than the unsuitability 
of the host once it has been consumed or dries out. 
Thus, by controlling nitidulids, it may be possible to 
eliminate a major source o f contamination of com 
by fungi that produce mycotoxins such as aflatox- 
ins.
Nitidulid Control Measures
Control measures for nitidulids have met 
with limited success and are generally applied only 
to high-value crops (figs, sweet com). Insecticides 
of various types have proven successful (9, 34, 35, 
74), although many of the most effective are chlori­
nated hydrocarbons, which are no longer on the 
market. Contact insecticides are less likely to con­
trol these insects because they hide within the com 
ears, and larvae develop entirely within the ears. 
Later, they drop to the soil to pupate. Soil drenches 
have proven somewhat successful in controlling the 
pupae (43,69,73), but again, these successes in­
volved chlorinated hydrocarbons with great residual 
activity. It also should be noted that insecticide con­
trol of insects, such as com earworms or European 
com borers, that make entry holes for these insects 
might reduce the infestation of nitidulids in some 
instances. Repeated insecticide applications are not 
economically feasible for field com, and would tend 
to promote development of resistance in the insects 
as well.
Studies indicate, however, that applications 
of insecticides at silking will control both caterpil­
lars and nitidulids (35). There are still insecticides 
on the market that are registered for control of nitid­
ulids in field com (51), so use of insecticides is still 
an option.
Although parasites of nitidulids are known 
(56), they have not presently been adopted success­
fully into control programs. The number of patho­
gens reported for these insects is limited (46). With 
the exception of Beauvaria bassiana (59), these 
pathogens do not include organisms that are com­
monly used in biological control programs. Prelimi­
nary testing of a commercially available, beetle- 
active strain of Bacillus thuringiensis (B.t.) at 10 
times the recommended dose did not produce any 
obvious effects on adults or larvae of the nitidulid 
species examined (Dowd, unpublished data). It may 
be that the ability of these insects to feed on both 
fungi and bacteria has resulted inadvertently in re­
sistance to these groups of pathogens.
Low-Input Nitidulid Control 
Measures
Low-cost control measures seem most appro­
priate for reducing nitidulid populations in field
tfl
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com. Removal of culled figs or other fruit has been 
reported to reduce populations of nitidulids by elimi­
nating breeding sites (65). The removal of downed 
com ears would be an analogous and appropriate 
contribution toward nitidulid control in com, but, as 
indicated earlier, the methodology is not presently 
compatible with mechanical harvesting strategies 
and no-till practices. If inoculum survives when niti­
dulids overwinter in neighboring woodlands (60), 
there would still be a problem.
Host-plant resistance has been used with 
some success for control of nitidulids. Early planting 
frequently contributes to nititdulid problems, thus 
rapidly maturing late-planted varieties are known to 
have some resistance, which is probably a phenolog- 
ical phenomenon (59, 61). But this type of response 
does suggest that trap-cropping would be effective in 
controlling nitidulids.
Varieties with tight husk coverage can limit 
nitidulid entry (47). But many nitidulids will invade 
undamaged, tightly husked ears anyway, although to 
a lesser extent than loose-husked ears (47, 67). Dam­
age to tightly husked ears by com earworms, Euro­
pean com borers, or birds will still provide entry 
sites for nitidulids (5,67). Compared with loose- 
husked ears, however, tight-husked ears can have 
less aflatoxin in the South, although this has not 
been attributed to nitidulid exclusion (6). Because of 
the shorter growing season farther north, coupled 
with drying requirements for effective mechanical 
harvesting and for storage, the use of tight-husked 
varieties in the Midwest may not be as appropriate 
as in southern areas. It should be considered that 
tight-husked varieties will remain in the field longer 
in a moist condition before harvesting, which may 
make them susceptible to insect damage and fungal 
invasion. Some tradeoff may be involved, which 
must be investigated before a definite conclusion on 
husk coverage will be possible. For example, be­
cause o f the problems with Fusarium  spp. that pro­
duce my cotoxins, planting of tight-husked com vari­
eties is not recommended in Canada (70).
Secondary chemicals that promote resis­
tance of com to caterpillars may actually promote 
nitidulid infestation. For example, flavonoids and 
aromatic alcohols frequently stimulate feeding of 
adults and larvae of C. hemipterus (24). But some 
other resistance factors, such as hydroxamic acids
and phenolic acids, did limit nitidulid feeding rela­
tive to control diets (24). Thus, breeding programs 
involving varieties that incorporate these resistance 
factors, but not flavonoids or aromatic alcohols, 
could promote resistance to nitidulids as well as cat­
erpillars. Interestingly, these hydroxamic and aro­
matic acids also are frequently associated with resis­
tance to plant pathogenic fungi (such as Fusarium 
spp.) (50). But they have apparently not been tested 
as resistance factors to A. flavus. Incorporating plant 
varieties that depend on flavonoids for insect resis­
tance (such as “Zapalote Chico”) in breeding pro­
grams may enhance problems with nitidulids and 
presumably also with the mycotoxin-producing fun­
gi they vector.
One strategy that has proved effective in 
controlling nitidulids in figs is the use of bait trap­
ping (71, 72). This method also has shown promise 
for controlling nitidulids in com in preliminary stud­
ies (59). A limitation of this strategy is that the baits 
(various fermenting materials) are quite variable and 
short-lived in their attractiveness. If effective long- 
lasting baits could be devised, they would be useful 
not only in monitoring for the presence of nitidulids 
(and the fungi they vector) but also in providing a 
relatively low-cost method for nitidulid control 
when used in trapping-out strategies.
Nitidulids attracted to baits could be dis­
posed of through mechanical means (as in Japanese 
beetle traps), insecticides, or insect pathogens. 
Pathogens could be used to infect attracted nitidu­
lids, which could then vector them to aggregations 
of nitidulids. Organisms that prevent or inhibit 
growth of mycotoxin-producing fungi also could be 
dispersed by nitidulids through these means.
Some successful artificial attractants for 
nitidulids have been reported previously. Specific 
esters (1, 2), or a combination of ethanol, acetalde­
hyde, and ethyl acetate (64) will attract these in­
sects, but do not compete effectively with natural 
materials (63). On the basis of these limited studies, 
however, it is difficult to understand how nitidulids 
can be attracted to such a diversity of commodities 
if specific attractants are involved.
The attraction to fruits seems related to es­
ter production pi, 2). This does not explain why they 
are attracted to oak trees or com, which are not 
known to produce these small esters in any quantity. 
A variety of host volatiles may be involved in at-
338
trading a single insect species and can be used suc­
cessfully in control programs if all are present (49).
Our work with attractants/synergists of C. 
hemipterus (see below) indicates that a wide range 
of straight chain alcohols are effective attractants 
(26), which helps to explain the attraction of these 
insects to a variety of hosts. Although ethanol 
(which is effective) is produced by yeast (30) and 
several species of Ceratocystis (14, 15,44), this 
does not explain attractancy of com or materials 
contaminated by mycotoxin-producing fungi.
Long chain alcohols are produced by com 
(11), Ceratocystis spp. (14), Fusarium oxysporum 
(62), Pénicillium decumbens (32), Aspergillus f  la- 
vus (41), and other species of Aspergillus and Péni­
cillium (42). Many of these compounds also attract 
and/or synergize the pheromone of the nitidulid spe­
cies that have been examined (26; Dowd and Bar- 
telt, unpublished data). Linear esters, which also 
attract/synergize C. hemipterus pheromones, are 
produced not only by fruit but also by yeast (30), C. 
fagacearum  (14), and C. monïliformes (44). This 
suggests that fungi can contribute the ester compo­
nent of attractants as well, and when they are 
present may enhance the attractancy of com, which 
does not produce esters. Although we presently 
know less about C. lugubris host-derived attrac­
tants, they seem to involve aromatic compounds, as 
well as the previously reported acetic acid (Dowd 
and Bartelt, unpublished data). Aromatic esters/al- 
cohols are produced by com (11), F. oxysporum 
(62), and P. decumbens (32), indicating that fungus- 
derived volatiles may enhance the attractancy of 
com to these insects as well.
One factor missing from prior formulations 
of nitidulid attractants is the aggregation phero­
mones that are now known to be produced by nitid- 
ulids [C. hemipterus (8), C. lugubris (7), and C. 
freemani (Bartelt et al., unpublished data)]. As al­
luded to earlier, host volatiles are especially impor­
tant in the overall attractancy because they not only 
attract on their own, but also cosynerize the phero­
mones [in all three species tested so far (8, 26,
Dowd and Bartelt, unpublished data)]. There seem 
to be several receptor types that must be stimulated 
for maximum attractancy: water, alcohol, acid, and 
ester (26), in addition to the appropriate combina­
tion of pheromones.
Discovery of these nitidulid attractants in­
creases the feasibility of developing effective, long­
term monitoring methods for appropriate nitidulid 
vectors of mycotoxin-producing fungi, as well as 
trapping-out measures for their control. Trapping- 
out strategies may be most effective in the early 
spring before populations have built up. This type 
of strategy is an effective contribution in control­
ling insects such as boll weevils, which, like nitidu- 
lids, overwinter as adults. Preliminary tests in 1989 
indicated that a totally artificial attractant for C. 
lugubris, which incorporated both pheromones and 
host volatiles, was as effective as the pheromone 
combined with natural baits (Dowd and Bartelt, 
unpublished data).
Interestingly, the attractancy of the artifi­
cial material was much greater than the natural ma­
terial during cool periods, presumably because the 
natural materials were not producing the appropri­
ate volatiles because of the temperature. This en­
hances the possibility that nitidulids can be trapped- 
out, or at least monitored during early spring.
Even monitoring of nitidulids and the fun­
gi they may be carrying may give some idea of the 
potential for transmission of mycotoxin-producing 
fungi during the ensuing field season. It would then 
be possible to take appropriate measures before and 
during the growing season, such as planting of re­
sistant varieties, or trap cropping.
Conclusions
Given the complexity of nitidulid interac­
tion with com, which we are only beginning to un­
derstand, it is clear than no single strategy is likely 
to be effective in controlling their vectoring o f my­
cotoxin-producing fungi such as A.flavus. Rather, 
an integrated approach to nitidulid control seems 
necessary. Fortunately, control strategies for insects 
that can promote nitidulid entry to com  ears (e.g., 
com earworm, European com borer) are being in­
tensively investigated throughout the United States.
Unfortunately, relatively little is known 
about the physiological adaptations that allow nitid­
ulids to successfully feed on and vector mycotoxin- 
producing fungi. Research thmsts should involve 
host .plant resistance (both mechanical and chemi­
cal), nitidulid attractants (for monitoring and con­
trol), and basic research as it applies to nitidulid 
adaptations as vectors. Once this basic information 
is available, potential control strategies for nitidu-
lids can be combined with other strategies important 
in controlling mycotoxin-producing fungi, to better 
protect commodities and end users from mycotox- 
ins.
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Introduction
Aflatoxin has been a problem in midwest- 
em com in years when there were drought condi­
tions. Significant incidence occurred in 1983 and, 
most recently, in 1988. Although aflatoxin is a 
chronic problem in the southeastern states, the ef­
fect on the com market is much more pronounced 
when midwestem com is affected. In 1988, nine 
Com Belt states (South Dakota, Nebraska, Minne­
sota, Iowa, Missouri, Wisconsin, Illinois, Indiana, 
Ohio) produced 3.8 billion bushels of com, 78% of 
total U.S. production (6). Aflatoxin in these areas 
obviously creates major difficulties in finding clean 
stocks for export and sensitive domestic food uses.
Midwestem grain handlers receive com 
very rapidly, especially at country elevators during 
harvest. Because aflatoxin test procedures are rela­
tively slow and variable, identification of contami­
nated lots is nearly impossible on a large scale. 
Country elevators typically receive producer deliv­
eries at a rate of about 1 load per minute.
The objectives of this article are (a) to 
summarize available data on aflatoxin outbreaks in 
the Midwest and (b) to relate reported aflatoxin lev­
els to the needs and constraints of midwestem grain 
handlers.
Aflatoxin Data for Midwestern 
Corn
Incidence data are available for the two 
most recent aflatoxin outbreaks— 1983 and 1988. 
Any comparisons of data between states, however, 
or even within states, must be used with caution 
because sampling and analytical errors were large 
(coefficients o f variation on the order of 25-50%) 
(1) and protocols for collecting samples were not 
uniform.
Figure 1 shows the results of testing 99 
samples of 1983 Iowa com for aflatoxin as reported 
by Schmitt and Hurburgh (9). Each sample was a 
composite of six 4-lb samples collected from farm
Figure 1. Aflatoxin level (ppb) in 1983 Iowa com as 
estimated from TLC results on 10- to 11-lb county- 
composite samples (9).
[—I samPle taken B  1 sample over 20 ppb 
CD No aflatoxin samples B  2+ samples over 20 ppb
Figure 2. Distribution of positive aflatoxin (+20 ppb) 
samples in 1983 Indiana com. Five samples tested per 
county (13).
bins in the 99 Iowa counties. Average July-August 
temperatures for the entire state were 2-3°C higher 
than normal, but the southern half o f the state also
Table 1. Temperature and cumulative precipitation departures during July and August 1983 in nine Iowa 
Crop Reporting Districts (9).
Departure from 30-year normal
Average aflatoxin 
concentration (ppb)a
Temperature
(°C)
Precipitation 
(cm) since 
April 1
District July Aug. July Aug.
Northwest 5 2.2 4.4 9.1 4.1
North central 2 2.2 4.4 -0.3 -5.1
Northeast 2 1.7 3.9 3.0 -2.0
West central 21 1.7 4.4 0.3 -4.8
Central 28 2.2 4.4 4.3 0.8
East central 25 2.2 3.9 -8.1 -15.0
Southwest 30 2.2 5.0 -8.4 -16.3
South central 107 2.8 5.6 -0.2 -18.2
Southeast 89 2.8 5.0 -11.9 -18.3
aParts per billion, average o f county composites.
Table 2. Aflatoxin data for 1983 and 1988 Iowa com3 (4, 9).
1988 1983
Aflatoxin Percentage Average Percentage Average
range of aflatoxin of aflatoxin
(ppb) n total (ppb) n total (ppb)
Above 100 7 7.2
64
11 11.1
73
20-99 22 22.9 26 26.3
1-19 4 4.2 40 40.4
None detected 63 65.7 22 22.2
Totals 96 100.0 21 99 100.0 21
3 Samples collected from farm bins in 1983, at country elevator dryers in 1988.
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Table 3. Distribution of aflatoxin concentrations in county composite samples that contained 
more than 100 ppb, 1983 Iowa com (9).
Individual subsample results 
Aflatoxin ~------------------------------------------------------
concentration Number of samples testing:
in county
County composite sample Avg. 
number ppb ppb
C.V.
%
0-20
ppb
21-100
ppb
101-200
ppb
201-500
ppb
501+
ppb
79 590 504 193 2 1 1 1 1
93 279 76 105 2 2 1 1 0
51 232 193 104 0 1 4 0 1
59 215 212 97 0 1 3 2 0
26 174 218 159 2 1 1 1 1
20 172 214 159 1 2 2 0 1
48 140 78 85 1 3 2 0 0
92 118 169 88 0 3 1 2 0
50 114 50 129 2 3 1 0 0
91 108 165 83 0 3 1 2 0
63 104 90 72 0 4 2 0 0
207 181 105 10
(15%)
24
(36%)
19
(29%)
9
(14%)
4
(6%)
received about 6 inches less rainfall than normal. 
The aflatoxin contamination was concentrated in 
areas with high temperature and decreased rainfall, 
but there was not a significant mathematical corre­
lation (Table 1).
Figure 2 has the same type of data collect­
ed in Indiana (13). The samples were hand-harvest­
ed from fields just before harvest. Again, the con­
centration of aflatoxin in localized areas is evident.
The usual method for presenting aflatoxin 
data is to tabulate the percentage of samples with 
aflatoxin contents in excess of certain levels (e.g., 
20 ppb or 100 ppb). Iowa data from 1983 (9) and 
1988 (4) are presented in this manner in Table 2.
These data illustrate the difficulty in gen­
eralizing about statewide or areawide averages.
One might conclude that the average for all 1983 
Iowa com was 21 ppb, more than the 20 ppb action 
level. Yet the map in Figure 1 clearly shows that 
large areas of Iowa were relatively free of aflatox­
in. Aflatoxin results must be interpreted on a local­
ized, case-by-case basis. Average aflatoxin figures 
are meaningful only to indicate the risk o f creating
feed mixes that have aflatoxin levels in excess of 
action levels.
The local variability of aflatoxin is appar­
ent in Table 3 from Schmitt and Hurburgh (9). 
These are the individual-subsample results from the 
10 counties in which tests of the composite samples 
indicated more than 100 ppb (1983 crop). The com­
posites weighed about 11-12 lb; the individual sub­
samples weighed 1.5-2.0 lb. Even in these clearly 
high-risk areas, a significant portion of the samples 
tested less than 20 ppb. It is inappropriate to apply 
generalizations about average levels to individual 
lots. The grain handler receiving many lots may 
experience the local average, but individual grain 
sellers will be treated unfairly by averages. Unfor­
tunately, summary reports to the public tend to ac­
centuate such generalizations to the detriment o f the 
grower.
Extensive publicity forced most midwest- 
em  states to conduct some sort o f survey program 
in 1988. A summary of results is given in Table 4. 
Although Iowa and Illinois had greater incidences 
of aflatoxin, the diversity of survey protocols and
Table 4. A summary of afiatoxin survey results for the 1988 com crop, midwestem states.
■
State
Percentage 
of 1988 
production
Number
of
samples
Percentage with afiatoxin
Prescreening
1Sample
composition20-99 ppb aa
©oAl Total
Illinois 14.2 327 26.0% 9.8% 35.8% None-all TLC Farmer
deliveries
Iowa 18.3 96 22.9% 7.2% 30.1% Black light3
■
Dryer at country
elevators ■
Indiana 8.4 373 6.2% 1.3% 7.5% Black light3 Farmer
and Neogen deliveries,
column fields ■
Minnesota 7.0 980 4.1% 1.9% 5.0% Minicolumn Various
Missouri 3.1 -Monitoring program not statewide in 1988-
Nebraska 16.6 141 5.0% 0.7% 5.7% Black light3 
then mini­
column
Farmer
deliveries,
fields
M
M
Ohio 5.2 241 5.4% 1.1% 6.5% All TLC Farmer
deliveries
M
»
»
South Dakota 2.7 150 4.6% 6.0% 10.6% Not available Not available
Wisconsin 2.7 50 0 0 0 Neogen column Various ■
Overallb 78.2
“Percentage of false positives from black light: IA-57%, IN-45%, NE-more than 50%. 
bWeighted by relative state crop production, excluding Missouri.
Data supplied by respective state regulatory laboratories.
sampling frequencies greatly weakens any scientific 
conclusions that might be drawn. Given the vari­
ability within a local area, the average level of afla- 
toxins in com harvested in a state cannot be used to 
estimate or forecast the extent of toxin occurring in 
an area. Unfortunately, the general public and me­
dia view such figures as indicative of the amount of 
contaminated grain in a state.
Other sources of public information are 
summaries of samples voluntarily submitted to ei­
ther state laboratories or veterinary diagnostic labo­
ratories. Both of these sources are completely bi­
ased because the samples were submitted because 
they were suspect, either because of a positive 
black-light test or from adverse animal-health 
symptoms. In 1988, 75% of the samples submitted 
to the Iowa Veterinaiy Diagnostic Laboratory had
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Table 5. Aflatoxin in North Carolina com, elevator surveys 1976-1980 (8).
Percentage of samples, 
by aflatoxin level, in ppb
C rop year
<20
(% )
20-100
(% )
>100
(% )
1976 64.2 27.7 8.0
1977 58.1 30.2 11.6
1978 87.0 12.0 1.0
1979 67.3 28.3 4.4
1980 34.3 48.1 17.6
Averages 62.2 29.3 8.5
more than 20 ppb, with 30% having more than 100 
ppb (ISU Veterinary Diagnostic Laboratory, 1989, 
unpublished). This was a totally unrealistic portrayal 
of incidence in Iowa, yet, with more reliable data 
lacking, this type of information has been used to 
estimate statewide levels.
The incidence problem is further com­
pounded by the natural incentive for each state to 
downplay its situation. State government agencies 
are usually the agents for the U. S. Food and Drug 
Administration (FDA) in their respective states, and, 
thus, are called upon to do the testing. No state 
wants to portray itself as a center o f contamination, 
thereby risking market isolation. Clearly, if inci­
dence surveys are to be done, they should be de­
signed and managed by an agency with no local 
conflict o f interest. Developments in testing technol­
ogy may make marketplace screening so routine that 
there will be no need for government monitoring 
data.
Aflatoxin development is weather related. 
Laboratory studies and field studies in the southeast­
ern United States have provided information on crit­
ical weather parameters (2,7). High temperature 
(daytime high and nighttime low) and lack of rain 
are necessary conditions for crop stresses that mag­
nify aflatoxin development. But average weather 
conditions for a state or substate area have not been 
effective in predicting specific aflatoxin levels. Lo­
calized weather information is needed, as well as 
more knowledge of compounding agronomic fac­
tors. The extreme variation of aflatoxin in high-risk 
areas (Table 3) supports the contention that factors 
in addition to weather conditions have great influ­
ence on the presence or absence of aflatoxin (9).
Weather data can play an important role in 
dealing with the sporadic incidence in midwestem 
com. Aflatoxin has been reported in years when the 
Iowa July-August mean temperature has exceeded 
76-77°F. These also were dry years; low rainfall 
gives little evaporative cooling, thus contributing to 
temperature rise (12). Macro-weather data may be 
very useful in estimating the risk of aflatoxin, even 
though it may not predict specific levels or inci­
dence percentages. The Iowa Aflatoxin Task Force, 
in its August 1989 report, suggested that national 
weather data could be used to forecast high-risk 
areas before harvest (5).
Midwestern Corn Compared 
with Southeastern Corn
Aflatoxin contamination occurs relatively 
frequently in southeastern com production. But or­
ganized survey data are relatively scarce; individual 
handlers monitor inbound com at their discretion 
(3). Table 5 showed survey data for the southeast­
ern states (8).
It seems that southeastern com is routinely 
affected by aflatoxin to the same extent that Com 
Belt com is in a stress year. But the southeastern 
states contribute only a small percentage of total 
U.S. production. Furthermore, if levels of aflatoxin 
in contaminated southeastern com equal those of 
stress-year midwestem com, random commingling 
will produce blends that usually have less than 20 
ppb of aflatoxin.
Aflatoxin and Grain Handlers
The country grain handler faces a decision 
whether to accept or reject aflatoxin-contaminated 
com. At country elevators, that decision must be 
made in 1-2 minutes, the time normally available 
for grading. The more complete inspection for grade 
factors done at river grain terminals, processing 
plants, and export elevators allows more time for 
aflatoxin testing at those points.
Aflatoxin levels also are the most variable 
in farmer-deliveries, which often originate from an 
individual field. The variations shown in Table 3 
probably are typical o f what a country elevator in a 
high-risk area would receive. Lot-to-lot variations 
are compounded by the well-documented random . 
error in sampling and testing, on the order of ±
50%.
The only truly rapid screening method 
available to country elevators is the black light. The 
ELISA-based tests require 8-10 minutes per sample, 
too long for accept/reject decisions. Moreover, it 
requires 15-30 minutes to prepare a sample suitable 
for the test. Even if used properly, the black light 
gives 40-60% false positives (fluorescence without 
aflatoxin) (9, 11). Attempts to relate the number or 
weight of fluorescing particles to aflatoxin concen­
tration have been unsuccessful, with coefficients of 
variation in excess of 100% (10). The black-light 
test can establish risk but not definitive presence or 
absence of aflatoxin at any concentration. There­
fore, the country grain handler’s problem is one of 
assessing risk and of estimating the average concen­
tration of large lots consolidated from smaller farm­
er deliveries. If more than 20-30% of individual lots 
are tmly in excess of 20 ppb, then the risk of having 
a consolidated shipment test greater than 20 ppb is 
relatively great.
Judicious use of the black light can reduce 
this risk. For 1983 and 1988 Iowa com, the average
concentration of samples with fewer than five bright 
green-yellow fluorescent (BGYF) particles (whole 
kernel) per kg was 10 ppb, with 70% false positives, 
whereas samples with five or more BGYF particles 
averaged 65 ppb, with only 20% false positives. 
Shotwell et al. (11) reported 35% false positives for 
samples of North Carolina com containing four or 
more BGYF particles per kilogram. There were in­
dividual samples with low glower counts that did 
have much greater aflatoxin levels (and vice versa), 
but, overall, samples with low glower counts had 
less aflatoxin. Using glower count to assess risk is 
not the same as using glower count to predict afla­
toxin level.
The point is that country elevators in high- 
volume grain production areas need sampling and 
analysis techniques compatible with their handling 
constraints. Their decision process must necessarily 
be based on risk probabilities. Their legal options 
for handling grain must be flexible enough to ac­
commodate the variability in sampling, testing, and 
lot-to-lot aflatoxin levels. Accurate identification of 
all contaminated lots is not yet possible.
The country grain elevator also acts as a 
warehouse for growers without sufficient on-farm 
storage to meet their marketing needs. Warehouses 
are licensed under either state or federal statutes, 
but, in either instance, warehouses must maintain 
com of quality equal to or better than that certified 
on warehouse receipts. Generally warehouse re­
ceipts are issued only for the standard U.S. Grades, 
which by implication means less than 20 ppb afla­
toxin. Clearly, warehouses in high-volume areas 
must know the aflatoxin status of grain received.
The cost o f finding aflatoxin in com or peanuts 
stored in a warehouse can be great. The sampling 
error is further magnified in a storage structure 
when compared with a bulk carrier. In 1988, there 
were reports of warehouses with suspect grain re­
ceiving unequal treatment from various state and 
federal jurisdictions.
Analysis and Commentary
The incidence data demonstrate the diffi­
culty of assessing aflatoxin levels in a growing area. 
So far, aflatoxin contamination in midwestem com 
has been limited enough that the natural consolida­
tion of grain lots into larger shipments eventually 
diluted aflatoxin concentrations to less than 20 ppb
most o f the time. This would not apply to users 
drawing from localized high-risk areas. A much bet­
ter early-warning system is needed to identify po­
tential high-risk areas.
The surveys at harvest do respond to public 
pressure for information, but their methodology 
should be standardized. The estimated average afla- 
toxin levels and distribution are very uncertain, 
which means that the data should be explained care­
fully. Because each state has a vested interest in not 
finding aflatoxin, surveys should be administered at 
the federal level.
The current FDA policy of considering 
aflatoxin as an adulterant creates a strong incentive 
not to know aflatoxin levels. The U.S. high-volume 
grain industry is designed around the ability to ad­
just quality by mixing, blending, and dilution. La­
belling of grain as unmarketable, particularly on the 
basis of tests with great uncertainty, is a major prob­
lem for handlers. Therefore, it is sometimes per­
ceived as advantageous not to know, or not to sus­
pect. The public would be better protected by a 
more open, flexible system that provides disposition 
options at the raw commodity level, rather than out­
right rejections. In the present system, the burden is 
placed mainly on the end-user preparing to convert 
com into food, meat, or dairy products. When afla­
toxin occurs in com in the Midwest, the FDA sim­
ply does not have the resources to police an adulter­
ant-oriented approach to aflatoxin. The grain indus­
try has to have enough realistic disposal options to 
create an incentive for self-regulation at the local 
elevator level and for monitoring by the Federal 
Grain Inspection Service at the export and processor 
levels. No handler will be able to make perfect iden­
tification of aflatoxin lots. Therefore, grain receival 
procedures should be designed to reduce risk and 
remove with some certainty the lots with the great­
est aflatoxin levels. Successive application of such 
methods will relieve the burden on the final users 
and protect the consuming public to a greater degree 
than is now done.
Aflatoxin should no longer be regarded as 
a rare event in the Midwest. Aflatoxin risk assess­
ment, monitoring, and test procedures should be­
come part o f the normal course of grain business. 
There is no reason for each new outbreak to be 
treated as a new and surprising event, with its asso­
ciated public concern about safety. The problems of
aflatoxin in midwestem com are no different from 
those associated with aflatoxin in other areas, but 
the volume of grain handled in the Midwest greatly 
accentuates both the public-health and grain-han­
dling difficulties. Fortunately, technology exists, or 
could exist with appropriate research support, to 
deal with aflatoxin in a practical manner that will 
better protect the public.
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Detection and Determination of Aflatoxins 
in Corn
Rodney W. Beaver and David M. Wilson 
Coastal Plain Experiment Station 
University of Georgia
Abstract
Techniques presently used fo r  the detection 
and determination o f  the aflatoxins in corn are re­
viewed. Techniques discussed include enzyme- 
linked immunosorbent assay (ELISA), thin-layer 
chromatography (TLC), high-performance liquid 
chromatography (HPLC), and immunoaffinity col­
umn chromatography. Nuances o f  each o f  the tech­
niques are highlighted, and guidelines are present­
ed to aid in choosing a particular method.
Introduction
Because of the extreme toxicity and carci­
nogenicity of the aflatoxins, the determination of 
these secondary metabolites of the Aspergillus fla- 
vus group fungi in food and feedstuffs is o f much 
concern. Because the aflatoxins present potentially 
serious health threats at very small concentrations, 
the analytical problems involved in aflatoxin deter­
mination are manifold. First, a representative sam­
ple of the food or feedstuff must be taken. Next, the 
aflatoxins must be extracted from the complex bio­
logical matrix in which they occur. Then, the toxins 
must be isolated from materials that are co-extracted 
from the matrix. Finally, some means must be found 
to elicit an analytical signal from as little as nano­
gram (or lesser) amounts of the individual aflatox­
ins. Many different ways to solve these analytical 
challenges have been developed. This paper will 
review some o f the more recent methods developed 
for the detection and determination of aflatoxins in 
com.
Sampling and Extraction
Sampling is an especially onerous aspect 
of aflatoxin determination. The nonhomogenous 
distribution of contaminated kernels requires that 
any sample be thoroughly ground to reduce particle 
size and then well mixed. Whitaker and Dickens 
(30) published a computer model that described the 
errors associated with 4.54-kg samples ground to 
pass a number 20 sieve, and then subsampled by 
taking 50-g subsamples. Francis et al. (6) advocated
the use of 10-g subsamples when taken from well 
ground and mixed 6.8-kg samples. They found that 
results obtained with the 10-g subsamples were 
equivalent to results obtained by taking 50-g sub­
samples, but satisfactory results depend on grinding 
efficiency and thorough mixing. The most precise 
approach would be to use the grinding method de­
scribed by Francis et al. (6) and a 50-g subsample.
Once a representative sample has been 
obtained, aflatoxins must be removed from the ma­
trix in preparation for the detection or determina­
tion step. Chu et al. (5) determined that a simple 
extraction o f com with 857 aqueous methanol 
yielded reproducible recoveries of aflatoxin Bf But 
the actual percentage recovery for this solvent sys­
tem was not clear because the study used an en­
zyme-linked immunosorbent assay (ELISA) meth­
od to determine aflatoxin B , and the ELISA anti­
body used cross-reacted with aflatoxins B2 and Gj 
also present in the sample.
Maune and Romer (15) studied the effi­
ciency of 90:10 (chloroform:water), 90:10 
(acetonitrile:water), 85:15 (acetone:water), and 
80:20 (methanol:water) in extracting aflatoxins 
from com and com bran. They found that 
methanol:water yielded consistently poorer aflatox­
in recoveries relative to the other three solvent sys­
tems. The acetone and acetonitrile-containing sol­
vents gave the best recoveries from com. The 
ehloroform:water mixture was the only solvent that 
gave quantitative recoveries from com bran.
Recent papers by Wilson (31) and by Bea­
ver (2) describe numerous other methods that use a 
wide range of extracting solvents. In general, it has 
been difficult to isolate the efficiency of extraction 
because any determinative step has required at least 
some preliminary cleanup to remove interferences 
arising from the matrix. Therefore, the many meth­
ods using an array of extraction solvents have re­
ported recoveries of aflatoxins based on the entire 
method, and these recoveries reflect losses due to 
incomplete extraction as well as those due to subse­
quent cleanup steps. The previously cited work by 
Chu et al. (5) took advantage of the fact that some 
of the ELISA-based methods require no clean-up of 
the extracts. Future studies with these types of tech­
niques may further clarify the exact role that ex­
traction solvent plays in the efficiency and accuracy 
of aflatoxin analytical methods.
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Detection Methods
In this discussion, we will differentiate be­
tween aflatoxin detection methods and aflatoxin 
determination methods as follows: detection meth­
ods will refer to screening procedures that yield in­
formation only on the presence or absence of afla­
toxin or that are used only to detect the toxins above 
or below a certain concentration. Determination 
methods are those methods used to obtain an actual 
concentration of either the individual aflatoxins (B1? 
B2, G j, and G2) or the total concentration of aflatox­
ins (i.e., the sum of concentrations of B1? B2, G1? and
Wilson (31) has recently reviewed the ear­
ly screening methods. These methods included pre­
sumptive procedures such as the presence of fungal 
growth or the occurrence of Bright Green-Yellow 
Fluorescence (BGYF). Other early screening meth­
ods reviewed included the various minicolumn tech­
niques (such as the Holaday minicolumn or the Ho- 
laday-Velasco minicolumn techniques), which actu­
ally detect the aflatoxins after extraction and ad­
sorption on a sorbent such as Florisil or Alumina- 
Florisil. More recently, the various ELISA tech­
niques have become available. These ELISA tech­
niques, generally regarded as more reliable and less 
time-consuming than the earlier methods, will be 
the focus of this review.
Some of the ELISA methods, such as those 
based on reactions in microtiter-wells, are capable 
of approximating actual aflatoxin concentrations on 
the basis o f color intensity. At the present time, 
these microtiter-well procedures, as well as other 
ELISA methods based on reactions occurring on 
treated filter material, are probably best suited for 
screening for levels less than or in excess of a pre­
determined concentration.
Several Association of Official Analytical 
Chemists' (AOAC) collaborative studies have re­
cently been conducted to evaluate ELISA methods 
for aflatoxin screening in com and other commodi­
ties. Trucksess et al. (28) examined a technique in 
which a cup containing a filter coated with poly­
clonal antibodies specific to the aflatoxins was treat­
ed with sample extract. The filter remained color­
less when the concentration of aflatoxins exceeded 
20 ng/g and turned blue when toxin concentrations 
were less than 20 ng/g. All 12 collaborators correct­
ly identified naturally contaminated com (101 ng/g)
and peanut (69 ng/g) samples. For spiked samples 
of com, cottonseed, peanuts, and peanut butter, the 
percentage of samples identified as positive at val­
ues of 0 ,1 0 ,2 0 , and >30 ng/g was 0, 52, 86, and 
96, respectively. This method is one of the tests 
currently recommended by the AO AC.
Park et al. (18) conducted a collaborative 
study of an ELISA method for aflatoxin Bj screen­
ing using microtiter wells treated with an aflatoxin 
antibody. The study examined both visual screen­
ing (using a color change in the wells) and quanti­
tative use of the technique (based on reading the 
intensity of the color with a spectrophotometer). 
This ELISA technique has been approved by the 
AO AC for screening of aflatoxin B t in com and 
roasted peanuts at concentrations greater than 20 
ng/g. Quantitative results were unsatisfactory and 
the method was not recommended for quantitative 
use.
Koeltzow and Tanner (12) conducted an 
extensive comparison of the Holaday-Velasco 
(HV) minicolumn with three ELISA screening 
methods, thin-layer chromatography (TLC) a modi­
fied minicolumn method, and two immunosorbent 
affinity column techniques. Using spiked and natu­
rally contaminated com samples, the six laborato­
ries involved in the study performed each type of 
analysis (except TLC) on a single extract of each 
sample so that subsampling error was eliminated. It 
was determined that the performance of all of the 
methods was at least as good as the HV minicol­
umn for aflatoxin screening. But one ELISA meth­
od performed poorly in the comparison and had to 
be reevaluated after modifications were made. The 
study also determined that variations in ambient 
temperatures between 18°C and 30°C did not sig­
nificantly affect the performance of any of the 
methods.
One of the main goals of a successful 
screening procedure (aside from accuracy and reli­
ability) is the feasibility of using the procedure at 
grain buying points and at other locations as the 
grain travels through commercial channels. Screen­
ing can be used at these locations when the meth­
ods become sufficiently rugged and foolproof that 
controlled laboratory conditions and highly trained 
personnel are no longer required. The ELISA tech­
niques have been developed with these criteria in 
mind and may be reasonably close to achieving the
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goal, but they are not always reliable in actual prac­
tice. Rua et al. (19) compared the performance of 
some ELISA techniques for the determination of 
aflatoxins in whole cottonseed both on-site (i.e., 
cotton gins, dairy farms, feed mills) and in the labo­
ratory. Although the ELISA techniques did perform 
well in the on-site analyses, there was a distinct im­
provement in accuracy and precision when the sam­
ples were analyzed under laboratory conditions. An­
other potential problem with ELISA methods is the 
ambiguity introduced in the results due to cross­
reactivity between the antibodies and the various 
aflatoxins. Thus, some further refinement by the 
manufacturers of the ELISA screening kits may be 
required before on-site testing nirvana is achieved.
Determination Methods
High performance liquid chromatography 
(HPLC) and TLC have been the quantitative meth­
ods of choice for aflatoxin determinations for more 
than 20 years. Although some of the ELISA tech­
niques are claimed to be quantitative (18), HPLC 
and/or TLC still yield the most reliable quantitative 
results. HPLC and TLC are also capable of quanti­
fying each of the four major aflatoxins in a single 
analytical run; none of the ELISA techniques is ca­
pable of differentiating the four toxins.
TLC has long been one of the standard an­
alytical techniques by which other aflatoxin deter­
mination methods have been judged. Wilson (31) 
reviewed the development of TLC methodology 
that culminated in the development of the AO AC 
CB method. The CB method remains a benchmark 
against which new techniques are measured. There 
has been and is, however, considerable impetus to 
replace the CB method because of its reliance on 
large volumes of toxic and difficult to dispose of 
organic solvents and the great amount of labor re­
quired for sample cleanup.
Trucksess et al. (27) described a “solvent 
efficient” TLC method that replaced the chloroform 
extractant o f the CB method with methanol:water 
and replaced the hand-packed cleanup column with 
commercially available disposable columns. The 
change in cleanup columns resulted in an approxi­
mately 50-fold reduction in solvent requirements.
In com spiked at from less than 1 ng/g up to 10 ng/ 
g, TLC quantitation showed recoveries of greater 
than 86% for aflatoxins B 1? B2, Gj, and Gr  A simi­
lar cleanup and TLC procedure has been described 
by Simonella et al. (21). Both of these methods used 
a cleanup procedure similar to that previously de­
scribed by Thean et al. (23).
Both the CB method and Trucksess’s 
method (27) rely on cleanup of the aflatoxin-con- 
taining extract on polar silica gel columns. Tomlins 
et al. (26) examined a variety of nonpolar bonded 
phase, disposable cleanup columns and assessed 
their utility in the clean-up of aflatoxin-containing 
extracts. They found that, of C lg Cg, C2, cyclohexyl, 
and phenyl-bonded phases, the phenyl phase was 
best able to retain the aflatoxins when a methanolic 
com extract containing aflatoxins was passed 
through the column. Elution of the aflatoxins from 
the column with chloroform resulted in 100% re­
coveries of aflatoxins B,, B2, and Gr
Tomlins et al. (25) also evaluated bidirec­
tional high performance TLC (HPTLC) for the de­
termination of aflatoxins in com. After spotting the 
samples on the silica HPTLC plates, they compared 
a variety of solvent mixtures and determined that 
chloroform:xylene:acetone (60:30:10) gave the best 
spot shape, reproducibility, and separation o f the 
aflatoxins from interferences. They concluded that 
bidirectional development reduced the limit of de­
tection for aflatoxin B, at least 25-fold (to 0.8 ng/g 
for Bj) and gave excellent reproducibility relative to 
a single development such as that used in the CB 
method.
Abramson et al. (1) used reversed-phase 
TLC (RP-TLC) to screen for a variety of mycotox- 
ins, including aflatoxins B 1? B2, Gj, and G2. Using 
RP-18 plates (manufactured by Merck), they were 
able to resolve the aflatoxins in a variety of solvent 
systems. Because the separation mechanism for the 
reversed-phase plates differs from the separation 
mechanism on normal-phase (i.e., silica-gel) plates, 
they suggested that RP-TLC could represent a con­
venient and time-saving alternative to chemical de- 
rivatization as a means to confirm the presence of 
the aflatoxins.
Although TLC has for many years been 
successfully used for aflatoxin determinations, the 
precision of TLC is always less than desired (12). 
HPLC is generally a more precise determination 
technique and also lends itself to automated analysis 
and unattended operation. Unfortunately, depending 
on the HPLC solvent used, detection of various
combinations of the aflatoxins is problematic.
Although each of aflatoxins B x, B2, Gx, and 
G2 strongly absorbs UV light at wavelengths around 
365 nm, UV detection is a relatively nonspecific 
technique, and compounds extracted from the sam­
ple matrix tend to obscure the signal due to the afla­
toxins. Fluorescence detection is much more selec­
tive, and the aflatoxins can be selectively detected at 
very low concentrations by using a fluorescence 
excitation wavelength around 365 nm and an emis­
sion wavelength around 420 nm. Early HPLC meth­
ods used normal-phase separations and fluorescence 
detection. But in typical normal-phase solvents (i.e., 
nonpolar solvents) aflatoxins B x and B2 do not fluo­
resce. Panalaks and Scott (16) found that Bx and B2 
could be made to fluoresce by packing the detector 
flow cell with silica gel. Numerous methods using 
normal-phase HPLC and packed flow cell fluores­
cence detection were subsequently developed and 
have been reviewed by Beaver (2).
Despite the success of the normal-phase 
HPLC methods, problems still existed. Normal- 
phase solvents tend to be toxic, expensive, and diffi­
cult to discard. Also, the packed-flow cells tend to 
absorb sample components and solvent impurities 
and, thus, change the detector response to the afla­
toxins. The silica columns used in normal-phase 
HPLC tend to absorb these same impurities and are 
difficult to clean, resulting in a gradual degradation 
of analyte resolution.
Reversed-phase HPLC overcomes many of 
the problems of normal-phase systems. The solvents 
consist largely of water, and the organic compo­
nents are generally cheaper and less toxic than nor­
mal-phase solvents. Reversed-phase columns, al­
though initially more expensive, are easier to flush 
and tend to last much longer than silica columns. 
Unfortunately, aflatoxins Bx and G x do not fluoresce 
in polar reversed-phase solvents.
Reaction of aflatoxins Bx and Gx with 
mineral acids or with trifluoroacetic acid (TFA) 
results in hydration of the furano double bond to 
yield aflatoxins B2aand G^, respectively. These 
derivatives do fluoresce in reversed-phase solvents. 
Hutchins et al. (10) examined reaction conditions 
such as time, temperature, and ratio of aflatoxins to 
TFA necessary for complete derivatization. Tarter et 
al. (22) used precolumn derivatization with TFA 
and reversed-phase HPLC after a silica gel column
cleanup of sample extracts to accurately and 
precisely determine aflatoxins in a variety of nuts 
and peanut butter. Park et al. (17) collaboratively 
studied Tarter’s method and found that it performed 
acceptably. The method has been adopted by the 
AOAC.
Although precolumn derivatization with 
TFA results in acceptable data, the derivatization 
step introduces additional sample handling that is 
both labor- and time-intensive and may reduce pre­
cision. Shepherd and Gilbert (20), and Thiel et al. 
(24) avoided precolumn derivatization of aflatoxins 
Bj and G x by introducing saturated aqueous iodine to 
the column effluent and passing the effluent plus 
iodine solution through a heated reaction coil before 
the fluorescence detector. Beaver et al. (3) compared 
quantitation of aflatoxins in naturally contaminated 
com by HPLC with iodine postcolumn derivatiza­
tion (PCD) and quantitation by TLC and found that 
the methods were equivalent for aflatoxin Br
The exact structures of the derivatives of 
aflatoxins B x and Gx formed by PCD have not been 
determined, but are presumed to be due to reaction 
of the iodine with the furano double bonds. Under 
optimum conditions, PCD with iodine results in at 
least a 50-fold enhancement of the fluorescence of 
aflatoxins Bj and G x (24).
Jansen et al. (11) have suggested that, 
instead of using saturated aqueous iodine as the 
postcolumn reagent, a solid-phase iodine reservoir 
be used. They split the flow from a single pump so 
that a fraction of the pump output flowed through a 
column packed with solid iodine. The effluents from 
the analytical column and the iodine column were 
directed into a t-fitting and through a heated reaction 
coil. This method was claimed to be advantageous in 
that it required only one expensive pump, and the 
reported (20,24) degradation by air and light of the 
aqueous iodine solution was avoided.
Chamkasem et al. (4) used PCD with iodine 
and on-line sample cleanup to determine aflatoxins 
in com and other grains and feeds. Using a crude 
acetonitrilerwater extract, they were able to perform 
all cleanup and analysis on-line with good results. 
For aflatoxin concentrations from 20 ng/g to 200 ng/ 
g for each of the four toxins, recoveries ranged from 
94% to 120%. Lazaro et al. (14) used flow-injection 
analysis and aqueous bromine (the bromine reacting 
with aflatoxins Bx and Gx analagously to the reaction
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with iodine) to rapidly determine aflatoxins in com 
and peanuts. The method was fast (less than 10 sec­
onds per sample), but could not distinguish the indi­
vidual toxins and tended, because no separation was 
involved, to give false positive results due to fluo­
rescent compounds in the sample matrix. The au­
thors suggested that the technique be used to screen 
for the presence of the toxins and that positive sam­
ples be confirmed by subsequent HPLC analysis.
Kok et al. (13) added potassium bromide to 
the mobile phase and carried out separation of the 
aflatoxins on a reversed-phase column. The column 
effluent was then passed through an electrochemical 
cell (where bromine was generated from the bro­
mide) situated in line before the fluorescence detec­
tor. Analogously to the iodine reaction, the bromine 
reacted with aflatoxins Bj and G x and resulted in an 
enhancement of fluorescence approximately equal 
to the enhancement obtained with postcolumn io­
dine. Several advantages of bromination relative to 
iodination were noted. First, reaction with bromine 
is more rapid, so that the heated reaction coil neces­
sary for iodination is not required. Lack of the reac­
tion coil both reduces analysis time and improves 
resolution o f the toxins. Also, the additional high 
quality (and thus expensive) pump for delivery of 
the iodine postcolumn reagent is not required. Final­
ly, saturated aqueous iodine is not stable over long 
periods and must be prepared periodically.
An interesting alternative method for the 
enhancement of the fluorescence of aflatoxins 
and Gj in reversed-phase solvents has been reported 
by Francis et al. (7). When p-cyclodextrin in water 
(0.015 g/ml) was introduced post-column to aflatox­
ins eluted from a reversed-phase column, the fluo­
rescence of aflatoxins B t and G t was increased by 
10 to 20 times. They demonstrated that the enhance­
ment was due to the creation of an inclusion com­
plex between the toxins and p-cyclodextrin. By us­
ing the CB procedure for extraction and cleanup, 
HPLC with P-cyclodextrin fluorescence enhance­
ment gave 90% recoveries of aflatoxin B1? and the 
determination was linear from 0.5 to 10 ng injected 
for aflatoxin Bj and G ( standards.
Groopman and Donahue (8) have de­
scribed an aflatoxin determination procedure with 
cleanup based on an affinity column containing 
monoclonal antibodies specific for the aflatoxins. In 
this procedure, aflatoxins are extracted from the ma­
trix with methanokwater. The extract is diluted with 
water and then applied to the column containing the 
monoclonal antibodies. As the extract is passed 
through the column, the aflatoxins are bound, 
whereas interferences from the matrix are not ad­
sorbed. After water washes to ensure the removal of 
all interferences, the aflatoxins can be eluted with a 
small volume of pure methanol. Because the great 
specificity of the antibodies results in a methanol 
eluate containing only aflatoxins, the methanol solu­
tion can be treated with bromine water (to enhance 
fluorescence), and the fluorescence read directly in 
a small, inexpensive fluorometer. Based on standard 
responses, the fluorometer reading can be related 
directly to aflatoxin concentration. Alternatively, 
because the direct fluorescence method yields only 
the total concentration of aflatoxins, and no infor­
mation on the amount of individual toxins, the 
methanol eluate can be subjected to HPLC to deter­
mine both total and individual toxin concentrations.
Trucksess et al. (29) conducted a collabo­
rative study of the affinity column cleanup followed 
by both direct fluorometry and by HPLC with io­
dine PCD. They determined that either determina­
tion method gave acceptable accuracy and precision 
in com, peanuts, and peanut butter and recommend­
ed adoption of the method by the AO AC.
The aflatoxins are generally not amenable 
to gas chromatographic (GC) analysis owing to their 
high molecular weight and polarity and consequent 
low volatility. But Tmcksess and associates (27) 
were able to use GC coupled with mass spectrome­
try to confirm aflatoxin Bt scraped from a TLC 
plate. They used a relatively short, fused-silica cap­
illary column and rapid temperature ramp to elute 
aflatoxin B x in 5-6 minutes. No attempt was made to 
separate the individual toxins. Goto et al. (9), using 
a 15m fused-silica capillary column coated with 5% 
phenylmethyl silicone, achieved separation o f afla­
toxins Bj, B2, Gx and G2, in about 20 minutes. They 
also found that the determination, using a flame ion­
ization detector, was linear from less than 1 ng in­
jected to 50 ng injected, and the detection limit was 
near 1 ng injected for all four aflatoxins.
*Recommendations
There exists a wide range of reliable tech­
niques for aflatoxin determinations. For rapid 
screening, the ELISA techniques are relatively reli­
able and accurate but require that some care be used 
in interpreting results, and they must be refrigerated 
and have a relatively short shelf life. Although TLC 
has, for many years, been the method of choice for 
quantitative determinations, HPLC has the potential 
to be more accurate and precise as well as being 
amenable to automation. HPLC does require a much 
larger investment in costly equipment, so that TLC 
still has applications where the number of samples 
to be run does not justify the expense of HPLC 
equipment. The immunoaffinity column with direct 
fluorometry should attract considerable attention 
because of its relative simplicity, demonstrated ac­
curacy and reliability, and modest equipment re­
quirements. But either TLC or HPLC is still re­
quired if information on individual aflatoxin con­
centrations is desired. In some instances, the immu­
noaffinity column can be used for rapid and effi­
cient cleanup before HPLC or TLC analysis.
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Abstract
Aflatoxins encompass a structurally simi­
lar group o f  naturally occurring, fungal elaborated 
poisons that have been strongly implicated as pro­
genitors o f  disease and death in humans and ani­
mals and have resulted in substantial economic 
losses to agriculture. Consequently, there is a grow­
ing awareness o f  the dangers o f  these substances as 
frequent contaminants o f  animal feed  and human 
food. Our research has led to an innovative ap­
proach to the control o f  aflatoxins (i.e., the use o f  
inorganic adsorbent materials in the diet that act 
like “chemical sponges” to sequester and immobi­
lize aflatoxins in the gastrointestinal tract o f  live­
stock and poultry). Our results indicated that hy­
drated sodium calcium aluminosilicate (HSCAS) 
possessed the ability to chemisorb (tightly bind) af- 
latoxin, thus diminishing its normal uptake by the 
blood and distribution to target organs such as the 
liver. Our findings also suggest that HSCAS has a 
preference fo r  compounds containing either a fi- 
ketolactone or an cx-bislactone (e.g., aflatoxins B 
and G series). A  proposed mechanism o f  chemisorp­
tion is the formation o f  a complex by the ¡3-carbonyl 
system o f  the aflatoxins with uncoordinated “edge 
site” aluminum ions in HSCAS.
Introduction
The most thoroughly studied and best un­
derstood of the mycotoxins are the aflatoxins. The 
aflatoxins, a closely related group of polysubstituted 
bisfuranocoumarins (3), have evoked much concern
because of their potent carcinogenicity. Aflatoxin Bj 
and three structurally similar compounds (aflatoxins 
B2, G j, and G2) are frequently detected as contami­
nants of grain (Figure 1). The aflatoxins represent 
only one group of many mycotoxins currently 
known to exist. In light o f these findings, food and 
feed protection from aflatoxins is a critical need. 
Thus, practical methods to detoxify aflatoxin-con- 
taminated crops are in great demand. Although 
guidelines have been established for the preventive 
management of aflatoxin in susceptible crops (i.e., 
recommended practices for growing, harvesting, 
handling, and storage), significant mycotoxin con­
tamination still occurs (1). It is important to under­
stand that good crop management practices and ex­
tensive surveillance do not provide a firm solution 
to the problem because contamination can be un­
avoidable and sampling error may bias analysis (1). 
We also must be able to prevent the toxicity of these 
hazardous substances through the development and 
utilization of safe and effective procedures for the 
detoxification o f mycotoxin-contaminated food and 
feed.
Figure 1. Chemical structures of naturally occurring 
aflatoxins.
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Detoxification Strategies
Numerous strategies for the detoxification 
of aflatoxin-contaminated crops have been pro­
posed: physical separation, thermal inactivation, 
irradiation, microbial degradation, and treatment 
with a variety of chemicals. There are several excel­
lent reviews on the subject (1 ,7 , 8). Many of the 
reported techniques are impractical, ineffective, or 
potentially unsafe.
Ammoniation
The detoxification strategy that has re­
ceived the most attention is the treatment of aflatox­
in-contaminated feed with ammonia. The ammonia­
tion procedure is currently being used in Arizona 
and California to reduce levels of the parent afla- 
toxin in cottonseed products; in the Southeast to 
detoxify com; and in France, Senegal, and Brazil 
for the treatment of aflatoxin-contaminated peanut 
meal (17). Although the ammoniation procedure 
was apparently effective in numerous studies, it has
not yet been sanctioned by the U.S. Food and Dmg 
Administration because of the potential toxicity and 
carcinogenicity of aflatoxin-derived reaction prod­
ucts. For a detailed review of the current status and 
regulation of ammoniation, see Park et al. (17).
Aflatoxin-Selective Chemisorption
A new approach to aflatoxin detoxification 
is the use of chemisorbents in the diet that tightly 
bind (and immobilize) aflatoxin in the gastrointesti­
nal tract of animals. We have evaluated the myco- 
toxin-binding capabilities o f numerous inorganic 
adsorptive materials and have recently described the 
significant protective action of an aluminosilicate 
anticaking agent in chickens (5 ,14 ,15 ,18-23), tur­
keys (16), and swine (9-13).
Studies in vitro. Our results demonstrated 
that aluminas, zeolites, silicas, phyllosilicates (en­
compassing inosilicates and layered aluminosili­
cates), and chemically modified phyllosilicates were 
capable of sorbing radiolabeled aflatoxin from 
aqueous solution (Figure 2). But the aflatoxin-bind-
Percentage oi Aflatoxin Removed
A l u m i n a s  Zeo. & S i l i c a s  P h y l l o s i l i c a t e s  M o d i f i e d  P h y s i l
Sorbent Type
« £ A l u m i n a s iHHl Z e o l i t e s  a n d  S i l i c a s
P h y l l o s i l i c a t e s m !  M o d i f i e d  P h y s i l
Figure 2. Sorption of 3H-aflatoxin Bj from aqueous solution by aluminas, zeolites, silicas, phyllosilicates (Physil), and 
chemically modified phyllosilicates (19,20,21).
ing capacities and the stabilities of the sorption 
complex were significantly different for many of 
these compounds (18,19).
HSCAS (hydrated sodium calcium alumi­
nosilicate), or NovaSil™ (Engelhard Chemicals, 
Cleveland, Ohio), possessed a high affinity for afla- 
toxin and rapidly formed a stable sorption complex. 
Aflatoxin binding to HSCAS occurred on contact, 
with negligible dissociation of the complex at equi­
librium (which was complete after 30 min reaction 
time under the experimental conditions used in our 
studies). Calculations from equilibrium binding ex­
periments indicated that approximately 200-332 
nanomoles of aflatoxin could be maximally bound 
per milligram of HSCAS.
The stability of the HSCAS/aflatoxin sorp­
tion complex was evaluated at different pHs and 
temperatures and in the presence of an eluotropic 
series of solvents. The complex was stable in water 
at pH 2, 7, and 10 and temperatures of 25°C and 
37°C (Table 1). Moreover, less than 10% of aflatox­
in that bound to HSCAS could be extracted by vari­
ous organic solvents (Table 2). Further studies dem­
onstrated that concentrations of HSCAS as low as
0.5% resulted in significant sorption of aflatoxin Mj 
from naturally contaminated milk, with negligible 
change in nutritional quality as determined by prox­
imate analysis (6).
Studies in vivo. Results from studies in 
Leghorn and broiler chicks demonstrated that 
HSCAS (when incorporated into the diet at 0.5%) 
significantly prevented the effects o f aflatoxins (i.e., 
purified (Figure 3) and a crude mixture of Bj, B2, 
Gj, and G2) (14 ,15 ,18 ,20). The dietary addition of 
activated charcoal at the same level (0.5%) did not 
seem to have any protective properties against the 
effects of aflatoxins in chicks (15). Preliminary 
studies demonstrated that HSCAS decreased the 
aflatoxin excreted in the milk from lactating 
dairy cows consuming aflatoxin-contaminated diets 
(10). HSCAS in the diet o f growing turkey poults 
(16) and swine (4 ,9-11 ,13) also diminished the 
toxicity of aflatoxin.
To elucidate the protective action of 
HSCAS, studies were designed to assess the effects 
of HSCAS on the bioavailability of 14C-aflatoxin in 
the chicken (5). Arbor Acres x Peterson female 
chicks (50 birds/group, representing 5 pens of 10 
birds each, except for group 1, which contained 10 
birds only) were randomly assigned to the following 
treatments: Group 1: 0 ppb aflatoxin and 0% 
HSCAS; Group 2: 20 ppb aflatoxin and 0%
HSCAS; Group 3: 80 ppb aflatoxin and 0%
HSCAS; Group 4: 20 ppb aflatoxin and 0.1% 
HSCAS; Group 5: 80 ppb aflatoxin and 0.1% 
HSCAS; Group 6: 20 ppb aflatoxin and 0.5%
Table 1. Effect o f temperature and pH on the stability of the HSCAS/aflatoxin Bj sorption complex1
Percentage of total radioactivity desorbed2
Solution2 pH 25°C 37°C
HCl/Water 2.0 0.60 0.75
Buffer (1) 2.0 0.60 0.77
Water 7.0 0.85 1.03
Buffer (2) 7.0 0.81 1.00
NaOH/Water 10.0 1.22 2.20
Buffer (3) 10.0 2.30 2.81
'Duplicate samples of HSCAS (0.5 g containing 3200 nCi of bound 14C-aflatoxin Bj) were added to test tubes and incubated with 
5 ml of each solution for 1 hr, followed by centrifugation at 1500 rpm for 10 min. Aliquots (100 |il) of supernatants were re­
moved and counted for radioactivity. The percentage of total radioactivity desorbed from HSCAS after 1 hr was calculated and 
expressed as the mean from two assays per treatment.
Solution 1 (50 mM KC1/HC1 buffer); Buffer 2 (50 mM phosphate buffer); Buffer 3 (50 mM carbonate/bicarbonate buffer).
4>
Table 2. Effect of various solvents on the stability of the HSCAS/Aflatoxin sorption complex1
Percentage of total radioactivity desorbed2
Solvent Wash 1 Wash 2 Total
Hexane 0.25 0.17 0.42
Cyclohexane 0.11 0.08 0.19
Benzene 0.56 0.30 0.86
Toluene 0.16 0.12 0.28
Chloroform 5.03 4.19 9.22
Ethyl acetate 0.21 0.10 0.31
2-Propanol 0.70 0.54 1.24
Acetone 4.52 3.11 7.63
Methanol 4.01 3.11 7.12
Acetonitrile 0.83 0.21 1.04
‘Samples of HSCAS (0.5 g containing 3200 nCi 14C-aflatoxin Bj) were added to test tubes and incubated with 5 ml of each sol­
vent for 30 min at 25°C, followed by centrifugation at 1500 rpm for 10 min. Aliquots (100 pi) of supernatants were removed and 
counted for radioactivity. The washing procedure was repeated once, and the total percentage of radioactivity desorbed from 
HSCAS was calculated for each treatment and the combination of treatments.
2Data expressed as mean percentages of aflatoxin B, desorbed (from four replicate assays per treatment).
Figure 3. Livers from chicks fed 7.5 mg aflatoxin Bj/kg diet without 0.5% HSCAS (left) and with 0.5% HSCAS 
(right) (20).
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HSCAS; and Group 7: 80 ppb aflatoxin and 0.5% 
HSCAS. Total aflatoxin in the 20-ppb group was 
composed of 10 ppb of ,4C-aflatoxin Bj and 10 ppb 
cold aflatoxin Br  Total aflatoxin in the 80-ppb 
group was composed of 10 ppb of 14C-aflatoxin B 
and 70 ppb cold aflatoxin B r
Birds in groups 4-7 were placed on 
HSCAS-treated feed at day 1. Birds in groups 1-3 
were provided nontreated feed. Between days 13 
and 14, feed consumption was determined per pen. 
Based on an average feed consumption per bird of 
25 g/24-hr period, the total amount of aflatoxin (14C- 
aflatoxin Bj + aflatoxin B t) required to deliver a 
dose of 20 ppb and 80 ppb was 0.5 (ig/bird and 2.0 
Jig/bird, respectively. Appropriate amounts of afla­
toxin in 0.15 g of feed were placed in gelatin cap­
sules (capable of dissolving in the crop) and were
introduced into the esophagus in each chick. Imme­
diately after dosing, the birds were returned to their 
pens and offered their respective diets. Samples of 
liver and blood were taken from treatment groups 2- 
7 at 0.5, 1.0, 2.0, 4.0, and 6.0 hr and counted for 
radioactivity. Group 1 was sampled at 6.0 hr. Pa­
rameters of absorption and elimination of radioac­
tivity relative to peak concentrations of the control 
(100%) and area-under-the-curve (AUC) were com­
puted by the curve-fitting program ESTRIP (2, 5). 
These values were used as a measure of the bio­
availability of radioactive aflatoxin to the liver and 
blood.
Addition of 0.5% HSCAS in the diet of 
chicks significantly reduced the percentage of radio­
activity in the blood (Figure 4) and the liver (data 
not shown) throughout the treatment period (80-ppb
% R a d io a c t iv ity  (C o n tro l peak = 100)
0 .5 %  H S C A S C o n tro l
Figure 4. 14C-aflatoxin Bj in blood of broiler chicks fed the equivalent of 80 ppb aflatoxin (2.0 jig total aflatoxin/bird) 
with and without 0.5% HSCAS in their diet. Data represent percentage of radioactivity relative to peak concentration of 
the control (100%) over a sampling period of 6 hr (5).
treatment group). Comparable reductions were ob­
served in the 20-ppb treatment group. The relative 
AUC (as a measure of bioavailability) was de­
creased in the presence of 0.5% HSCAS to 8.7 and 
5.3% of control in the blood and 20.6 and 14.6% of 
control in the liver at 20 and 80 ppb aflatoxin, re­
spectively. In the presence of 0.1% HSCAS, the 
relative AUC was decreased to 22.5 and 15.4% of 
control in the blood and 32.5 and 17.4% of control 
in the liver at 20 and 80 ppb aflatoxin, respectively 
(Figures 5 and 6). These findings suggest that 
HSCAS acts to rapidly bind aflatoxin in the gastroi­
ntestinal tract of chickens, thus preventing its nor­
mal absorption by the blood and distribution to the 
liver. Further studies indicated that similar alumino­
silicates and activated charcoal bind aflatoxin (in 
vitro), but not as effectively as HSCAS (in vivo).
Mechanism of Aflatoxin Chemisorption
Several test compounds were reacted with 
HSCAS in vitro. Binding was determined by high 
pressure liquid chromatographic analysis of extracts 
of the supernatants and desorbed HSCAS pellets 
that were sequentially washed with methanol, chlo­
roform, and hexane (24). Test compounds homolo­
gous to aflatoxin Bj and aflatoxin (i.e., aflatoxins 
B2, G2, B^, G^, Q j, P j, M j M,, and M2a) were tight­
ly bound to HSCAS, whereas those that contained a 
dihydrofurofuran fused to an aromatic ring did not 
show any marked interaction and binding. Couma- 
rin, 4-methylumbelliferone, esculetin, xanthotoxin, 
aflatoxicol, and tetrahydrodeoxy aflatoxin Bj were 
initially bound, but significantly desorbed from the 
HSCAS pellet. These findings suggest that HSCAS 
has a preference for compounds containing a fl-ke-
P e rc e n ta g e  o f A U C  (2 0  ppb A fla to x in )
Figure 5. Relative bioavailability of 14C-aflatoxin B, to blood and liver of chicks fed the equivalent of 20 ppb total 
aflatoxin (0.5 pg/bird) with and without 0.1% and 0.5% HSCAS in their diet. Data expressed as percentage of AUC 
(area-under-the-curve), where control AUC = 100% (5).
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itolactone or a-bislactone (e.g., aflatoxins B and G 
series). Model compounds of aflatoxin Bj and tetra- 
hydrodeoxyaflatoxin Bj were synthesized. These 
compounds, which did not contain the bisfiiran, 
were comparable to the corresponding aflatoxins in 
their chemisorption to HSCAS. A proposed mecha­
nism of aflatoxin chemisorption by HSCAS is the 
formation of a complex by the ß-carbonyl system 
of the aflatoxins with uncoordinated “edge site” 
aluminum ions in HSCAS (24).
Aflatoxin Degradation by Aluminosilicates 
Aluminosilicates are chemically complex 
materials, exhibiting a variety of functional proper­
ties. These materials possess sizable surface areas, 
high porosity, and variable cation exchange activi­
ties, along with active sites that can interact with
and immobilize certain guest molecules via weak 
electrostatic forces or through the formation of 
strong covalent bonds. Recently, we observed that 
many inorganic materials that bind aflatoxin also 
exhibit the ability to chemically degrade the parent 
molecule (to differing extents) upon desorption of 
the complex (21).
Aflatoxin B, was incubated for 1 hr with 
samples of activated charcoal, alumina, zeolite, 
phyllosilicates, and modified phyllosilicates in dis­
tilled water, followed by centrifugation to terminate 
the reaction. Test sample pellets were vigorously 
extracted with methanol and chloroform, and the 
extracts from “stripped” pellets were spotted and 
analyzed by thin-layer chromatography. Controls 
consisted of aflatoxin B t, aflatoxin B2 and a mixture 
of aflatoxins (B}, B2, Gj and G2) without test sam-
P e rc e n ta g e  o f A U C  (8 0  ppb A fla to x in )
0  - • i ■
C o n t ro ls 0.1% H S C A S 0 .5 %  H S C A S
L iv e r 10 0 17.4 14.6
B lo o d 100 15.4 5 .3
Experimental Treatments
B lo o d L iv e r
Figure 6. Relative bioavailability of 14C-aflatoxin B, to blood and liver of chicks fed the equivalent of 80 ppb total 
aflatoxin (2.0 jxg/bird) with and without 0.1% and 0.5% HSCAS in their diet. Data expressed as percentage of AUC 
(area-under-the-curve), where control AUC = 100% (5).
Figure 7. TLC of pellet extracts from aflatoxin-treated samples. A total of 18 extracts were spotted. Key: A (mixed 
aflatoxin standard); B (Aflatoxin Bj control); C (aflatoxin B2 control); D (modified phyllosilicate); E (HSCAS); F 
(modified phyllosilicate); G (zeolite); H (neutral alumina); I (activated charcoal); J (phyllosilicate); K (phyllosilicate); L 
(phyllosilicate); M (phyllosilicate); N (modified phyllosilicate); O (modified phyllosilicate); P (phyllosilicate); Q 
(aflatoxin B2 control); R (aflatoxin B control).
pies (Figure 7). The results of this study can be 
summarized as follows: .
1. Aflatoxin Bj standard that was reacted with all 
test samples was pure (>99%) and authentic (its 
chemical identity was confirmed by capillary 
GC/quadrupole mass spectrometry). It remained 
unchanged in the control treatments without test 
samples.
2. Most o f the parent aflatoxin Bj that was reacted 
with the sample of activated charcoal was recov­
ered (unchanged) from the pellet.
3. All other sample extracts contained some detect­
able aflatoxin degradation product(s).
4. No parent aflatoxin B ( was recovered from any 
of the chemically modified phyllosilicates, but 
numerous aflatoxin degradation products were 
extracted from all of these samples.
5. Extracts from alumina, zeolite, and phyllosili­
cates were similar in that many contained a major 
aflatoxin degradation product (identified as afla­
toxin BA
An interesting comparison can be made 
between HSCAS, similar aluminosilicates, and acti­
vated charcoal, inasmuch as these materials bind 
approximately the same amount of aflatoxin in 
vitro. The TLC results indicated that most of the 
aflatoxin bound to samples of either activated char-
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coal or similar aluminosilicates could be easily re­
covered, whereas aflatoxin bound to HSCAS was 
much more resistant to removal. These data (along 
with previous in vivo studies) support the conclu­
sion that the protective action of HSCAS may be 
related to the stability of the HSCAS/aflatoxin sorp­
tion complex. Chemical degradation of mycotoxins 
and/or other toxic chemicals by aluminosilicates 
may represent another approach to detoxification.
Summary and Conclusions
Our findings indicated that HSCAS: (a) 
selectively chemisorbs aflatoxins in aqueous solu­
tions, including milk; (b) prevents aflatoxicosis in 
chickens, turkey poults, and swine; and (c) decreas­
es the aflatoxin Mj residues in milk from lactating 
dairy cattle. The basic mechanism seems to involve 
sequestration of aflatoxins in the gastrointestinal 
tract and selective chemisorption (tight binding) to 
HSCAS that results in a reduction in aflatoxin bio­
availability (and toxicity). Research is in progress to 
further define the specificity and mechanism(s) of 
action of HSCAS and to construct selective chemi- 
sorbents for mycotoxin control in livestock and 
poultry.
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Abstract
Contamination o f  agricultural foo d  and 
feed  products by aflatoxin is a problem not only be­
cause the products themselves are lost, but also be­
cause disposal is costly. This review focuses on am­
moniation and ammoniation coupled to fermenta­
tion as practical process strategies fo r  salvaging 
aflatoxin-contaminated corn. Extensive laboratory, 
pilot-scale, and farm-scale experiments at the 
Northern Regional Research Center led to an am­
moniation procedure to reduce aflatoxin in corn 
from  amounts in excess o f 1,000 pg/kg to < 10 fig/ 
kg. Numerous feeding studies support the ammonia­
tion process as having no adverse effects on ani­
mals. Subsequently, a process was developed fo r  
converting aflatoxin-contaminated corn to alcohol 
fue l by combining ammonia inactivation with lique­
faction during the traditional ethanol fermentation 
process. Superior ethanol yields were achieved with 
ammonia addition, and aflatoxin concentrations 
were reduced 80-85% in the spent grains. Unfortu­
nately, FDA has not sanctioned the use o f  ammonia 
to destroy aflatoxin because o f  “incomplete” infor­
mation on the potential toxicity and carcinogenicity 
o f reaction products. Thus, many questions still re­
main about commercial utility o f  these processes.
Introduction
Contamination of agricultural food and 
feed products by aflatoxin is a problem not only be­
cause the products themselves are lost, but also be­
cause disposal is costly. The value of the crop does 
not just drop to zero, but actually becomes a liability 
that must be buried or otherwise eliminated. Conse­
quently, the development of processes by which af­
latoxin-contaminated agricultural products can be 
reclaimed or salvaged for animal feed or alcohol 
fuels has been a major research priority. Crops such 
as com, peanuts, and cottonseed are subject to con­
tamination, but each of these agricultural commodi­
ties presents specific problems in reducing or elimi­
nating aflatoxin (19).
Various approaches for reducing aflatoxin
in com are addressed in this discussion. A direct 
route is to blend the aflatoxin-contaminated com 
with “clean” com. Blending usually is not recom­
mended because of possible synergistic effects from 
undetected or unidentified toxins. But exceptions 
have been made by the U.S. Food and Drug Admin­
istration (e.g., 1977,1980,1983,1988), which per­
mitted the blending of aflatoxin-contaminated com 
with “clean” com to achieve acceptable feeds for 
poultry, swine, and beef cattle (18, 39). When the 
aflatoxin level of 1,000 bu of contaminated com is at 
1,000 jig/kg, a very large amount of good com 
(49,000 bu) is needed to reduce the average contami­
nation o f the blend to less than 20 pg/kg.
Other methods for removal or inactivation 
of aflatoxin include physical, chemical, or biological 
processes (1 ,13, 19, 29, 30, 37). Physical separation 
methods are highly desirable, being relatively inex­
pensive, but seem limited to rather special situations 
in which the contamination is confined to a small 
proportion of the seed, with sufficient difference in 
seed properties to make the separation possible (7). 
For com, neither the wet-milling nor dry-milling 
process removed or inactivated aflatoxin (5, 8,43). 
Although aflatoxins are relatively stable to heat, 
roasting of com reduced aflatoxin (14). Most recent­
ly, inorganic adsorptive compounds (subject o f the 
paper by T. D. Phillips et al., see page 359) have 
been used to bind and neutralize aflatoxins in the 
gastro-intestinal tract of animals (15). Results are 
promising, but many questions remain concerning 
efficiency for ruminants and the binding of nutrients.
In weighing approaches or processes for 
detoxification of aflatoxin in com, several criteria 
should be met: (a) economic feasibility, (b) reduc­
tion of toxin concentration to safe levels, (c) freedom 
from toxic residues, and (d) little or no loss in nutri­
tional value or in acceptability of the treated grain. 
These restrictions have narrowed the types of agents 
likely to succeed in a commercial-scale detoxifica­
tion process to chemicals such as oxidizing agents, 
acids, and bases. Of these agents, ammonia seems 
most promising.
Ammonia Detoxification 
Process
Ammonia is one of the more effective re­
agents for treatment o f cottonseed and peanut meals
(Recycle Gas)
Figure 1. Large-scale ammoniation procedure to destroy aflatoxin in com, from Brekke et al. (11).
(38) and offers a number of potential advantages for 
com (3, 38). First, it is inexpensive and is available 
in the large quantities required. Second, ammonia as 
a farm chemical is well known to the farmer and its 
use for an “on-farm” process is quite feasible. Final­
ly, although there are hazards in the use of ammo­
nia, as with any chemical, these hazards are well 
known and can be contained.
In developing a large-scale process at the 
Northern Regional Research Center (NRRC) for on- 
farm or elevator use to detoxify com containing af­
latoxin (3), researchers took several steps:
Step 1. Preliminary studies in the laborato­
ry and in a pilot plant were conducted to investigate 
parameters, such as com moisture, ammonia con­
centration, and temperature, that could affect the 
inactivation process.
Step 2. Preliminary bioassay of the pilot- 
scale decontaminated com was performed, using 
rainbow trout, ducklings, and broiler chicks, to en­
sure that the decrease in the chemically assayed 
amount o f aflatoxin was actually matched by a de­
crease in biological activity.
Step 3. Animal acceptance and utilization 
trials were carried out to ensure that the process de­
veloped actually produced com that would be ac­
cepted by the animals in the final full-scale feeding 
trials.
Step 4. Treated and control com were pre­
pared on a 1,000-bushel scale for use in feeding tri­
als for poultry, swine, and cattle.
Three major factors determined the effec­
tiveness of ammonia in reducing aflatoxin in com 
(9): the ammonia level, the moisture level, and tem­
perature. At 0.5% NH3 and 15% moisture in the 
com, an initial aflatoxin concentration of 600 |ig/kg 
was reduced to < 20 (ig/kg in about 3 weeks at 
25°C, but in 3 days at 38°C. The inactivation reac­
tion was temperature-sensitive from -18 to 60°C 
and became more effective as the com moisture in­
creased from 12.5 to 20%.
Feeding trials on ducklings, broiler chicks, 
and trout all confirmed the effectiveness of the am- 
moniation process in reducing the biological activi­
ty of aflatoxin in line with reduction in the chemical 
assay (9,10). Acceptance studies showed few prob­
lems at less than 1% ammonia, and for laying hens, 
even ammonia concentrations up to 2.6% caused no 
taste problems with the eggs. Swine readily accept­
ed and efficiently utilized mixed diets containing 
ammonia (1.5%)-treated aflatoxin-contaminated 
com (21).
Figure 1 depicts scale-up of the ammonia 
detoxification process developed at NRRC (11). 
The process was conducted in a sealed, metal (pro­
tected by epoxy paint) storage-drying bin with an
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elevated slotted floor for recirculation of the air- 
ammonia mixture through the contaminated bed of 
grain. Essentially, the treatment process consists of 
three steps: (a) adjusting com moisture to 15-22%, 
(b) treating the com with a gaseous ammonia (0.5- 
1.5% dry weight basis) and air mixture for 2 to 28 
hours, then continuing to recycle gas flow for 20 
additional hours and holding the mixture at ambient 
temperatures for 13 days to obtain detoxification, 
and (c) drying the treated com for storage. The pro­
cedure has been used successfully to reduce the af- 
latoxin content of com from 1,000 (ig/kg to less 
than 20 [Xg/kg.
Estimated cost for ammonia detoxification 
ranges from 17 to 660/bu (G. E. Hamerstrand, per­
sonal communication), with an estimated cost of 
270/bu for a plant processing 900,000 bu/yr. But the 
process has not been optimized, and experience in 
the field (subject o f paper by W. C. Hammond, see 
page 377) with plastic containment, less ammonia, 
and shorter holding times will affect the cost of am­
monia detoxification.
Reaction Products
Studies on the chemical reaction between 
aflatoxin Bj and ammonia have identified the forma­
tion of several decomposition compounds (4,16,
26, 38 ,41 ,42), and the safety of these compounds 
is of major concern to the FDA. Hydrolysis of the 
aflatoxin Bj lactone, the first step in the reaction, is 
reversible if the ammoniation process is carried out 
under mild conditions and allows for electrostatic 
and/or hydrogen bonding with protein constituents 
of the com. When the reaction is allowed to proceed 
further, aflatoxin Dj, a 206 MW compound, and 
other compounds are formed that do not revert back 
to aflatoxin B r  Type and amount of reaction prod­
ucts are dependent on temperature and pressure con­
ditions used, whether liquid ammonia or ammonia 
gas is the ammonia source, and the com constitu­
ents.
Selected reaction products have demon­
strated some degree of toxicity in such tests as chick 
embryo, Salmonella/microsome mutagenicity, or 
covalent binding index (CBI) (20,25, 27,40). But 
the response of these reaction products is many or­
ders of magnitude less than that from unchanged 
aflatoxin Bx (Table 1). Also, the formation o f these 
products in the feed matrix is usually <1% of the
original aflatoxin contamination level. A large por­
tion of the reaction products is bound to feed com­
ponents such as protein and is potentially biologi­
cally unavailable to animals (38).
Table 1. Relative toxic potential o f ammonia/ 
aflatoxin reaction products*
Compound
Mutagenic
potential
pq/plate
Chick embryo 
|xq/egg
Aflatoxin B t 0.005 0.125
Aflatoxin Mj 0.16 —
Aflatoxin Dj 2.25 2.5
206 MW Compound 3.3 —
a From Park et al. (38).
Feeding Trials
Extensive feeding studies (22,23 ,33-36, 
38) of aflatoxin-contaminated com and ammonia- 
detoxified com generally support the ammoniation 
process as having no adverse effects on cattle, 
swine, or chickens. Switching from aflatoxin-con­
taminated feed to decontaminated rations signifi­
cantly reduced or completely eliminated observable 
signs of alflatoxicosis in animals originally receiv­
ing the untreated product. Production parameters 
(e.g., milk and egg quality) were either significantly 
better or not adversely affected by the treatment. 
Weight gain and feed efficiency varied according to 
species, with ruminant animals showing positive 
results and nonruminants showing either no effect 
or decreased values. Protein Efficiency Ratio (PER) 
values were generally less, probably because of de­
creased nitrogen solubility and available lysine lev­
els. Numerous feeding studies showed no toxic ef­
fects or lesions related to the ammoniation proce­
dure (35). Metabolism studies suggest poor absorp­
tion of decontamination reaction products when 
compared with aflatoxin B 1 (34). The ammoniated 
product is readily accepted by the animal if ade­
quate aeration is allowed to remove residual ammo­
nia. Nevertheless, it must be emphasized that FDA 
has not approved ammonia detoxification o f afla­
toxin-contaminated com (39).
Alcohol Production
A number of studies have been carried out 
on the fate of mycotoxins in contaminated grains 
used as substrates for the fermentative production of 
ethanol (1 2 ,1 7 ,2 4 ,2 8 ,2 9 , 31, 32). Results com­
mon to these studies are: (a) little degradation of 
toxin during fermentation; (b) no toxin in the dis­
tilled alcohol; and (c) toxin accumulation in the 
spent grains. This last result presents a serious prob­
lem because the spent grains often are destined for 
animal feed. Consequently, practical detoxification 
procedures are essential. Lillehoj et al. (28) detoxi­
fied aflatoxin Bj in wet postfermentation stillage 
with sodium hydroxide, ammonium hydroxide, so­
dium hypochlorite, and hydrogen peroxide. Sub­
stantial quantities of these chemical agents and high 
temperatures were required to achieve inactivation. 
Subsequently, Nofsinger and Bothast (32) reported 
that com detoxified with gaseous ammonia (process 
previously described) can be used effectively for the 
production of ethanol and spent grains free of afla­
toxin. Ethanol yields and conversion efficiencies 
were better on ammonia-detoxified com than on 
contaminated com. Aflatoxin accumulated in the 
spent grains of contaminated com, and the concen­
tration in the spent grains of ammonia-detoxified 
com was less than 20 |ig/kg. Because temperatures 
of approximately 90°C are commonly attained dur­
ing the cooking step o f the traditional ethanol pro­
cess, and ammonia is useful both as a detoxifying 
agent for aflatoxin and as a nitrogen source for yeast 
(32), Bothast et al. (6) developed a procedure for 
combining detoxification and fermentation into a 
single, efficient integrated process. The integrated 
detoxification and fermentation process is dia­
grammed in Figure 2 and described by the sequen­
tial steps listed below for the fermentation of 1 bu 
of aflatoxin-contaminated com.
Grinding
Aflatoxin-contaminated com is ground into 
a fine meal to pass through a 10-mesh (2-mm) 
screen.
Slurrying
In the fermentation vessel, a mash (20% 
solids, wt/wt) is prepared by adding 23 gal o f water 
to 56 lb of milled grain, then adding 1% ammonia 
as ammonium hydroxide, based on the “as is”
Figure 2. Integrated detoxification and fermentation 
process, from Bothast et al. (6.)
weight of the grain (i.e., approximately 2 lb of re­
agent ACS ammonium hydroxide per bu). Then a 
bacterial alpha-amylase (0.11 lb per 56 lb of grain) 
is added for liquefaction. No pH adjustment is 
made.
Liquefaction
The alkaline mash (pH o f approximately 
9.5) is heated in a closed system with continuous 
agitation to a temperature of 90°C and held for 1 h.
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Conversion
The mash is cooled to 60°C by addition of 
6.2 gal of water, and the pH is adjusted to 4.2 with 
dilute hydrochloric acid. Fungal glucoamylase (0.4 
lb per 56 lb of grain) is added, and the mash is held 
for 2 h at 60°C for conversion. The mash is then 
cooled to fermentation temperature (30°C), and the 
pH is adjusted to 4.5 with ammonium hydroxide.
Fermentation
Distillers yeast (1%, vol/vol) is added. Be­
fore inoculation, the yeast is grown in YM medium 
(0.3% yeast extract, 0.3% malt extract, 0.5% pep­
tone, and 1.0% glucose) for 24 h at 30°C. The inoc­
ulated mash is held at 30°C for 3 days while fer­
mentation proceeds.
Distillation
The fermented mash is distilled in a pot or 
continuous still, and the alcohol is recovered.
Feed Recovery
The spent grains are recovered by filtration 
screening or centrifugation, and the wet (65 to 80% 
moisture) material is assayed for residual aflatoxin. 
If the aflatoxin content o f the stillage exceeds 100 
pg/kg, then a second ammonia detoxification treat­
ment may be necessary.
This protocol is based on experimental data 
(Table 2) obtained during 1- and 8-liter fermenta­
tions. Fermentations of aflatoxin-contaminated com 
coupled with an ammonia treatment consistently pro­
duced more ethanol than fermentations of the same 
com with no ammonia treatment. As noted previous­
ly (32), ammonia supplies needed nitrogen for the 
fermentative microorganism and should be included 
in any protocol for the fermentation of aflatoxin-con­
taminated com. Inactivation of aflatoxin can simply 
be an additional benefit.
The primary difference between the fermen­
tation process just described and the traditional etha­
nol fermentation is that a bacterial alpha-amylase 
was used in place of barley malt during slurrying and 
liquefaction. The bacterial alpha-amylase has an op­
timum activity at 90°C and retains at least 25% ac­
tivity at a pH of 10.0. Consequently, ammonia inacti­
vation was combined with liquefaction at 90°C for 1 
h.
This technology has subsequently been ex­
tended to 1- and 20-bushel fermentations of contami­
nated grain (400-500 pg/kg) at the University of Illi­
nois and by a private alcohol producer. Approxi­
mately 72% of the aflatoxin was destroyed during 
the process. Ducklings and weaning pigs showed no 
adverse effects from diets containing stillage pro­
duced by the integrated process (W. B. Buck, per­
sonal communication).
Table 2. Combined detoxification and fermentation of aflatoxin-contaminated com.a
Substrate1* Volume (L)
Ethanol
conversion
efficiency
(% )
Toxins in 
spent grains 
(pg/kg)
Toxin
destruction
(% )
Contaminated Com 1 61 1,205 —
Contaminated Com
with 1% NH3 1 83 183 85
Contaminated Com 8 74 1,116 —
Contaminated Com
with 1% NH3 8 87 227 80
“From Bothast et al. (6).
bAmmonia (weight o f NH3/weight of com) added during slurrying of com naturally contaminated with afla­
toxin (617 pg/kg).
A second ammonia treatment was tested to 
inactivate residual aflatoxin in wet spent grains re­
covered from the integrated process (6). After expo­
sure to 1% ammonia (weight o f NH3/wet weight of 
spent grains) for 24 h at 25°C, the aflatoxin content 
of the dried spent grains was reduced 80% (227 pg/ 
kg to 46 pg/kg). This second ammonia treatment 
may be necessary because total aflatoxin destruction 
achieved by using the process diagrammed in Fig­
ure 2 is dependent on the original aflatoxin content 
o f the com, and one ammonia treatment may not be 
sufficient to produce spent grains with sufficient 
reductions of aflatoxin content to be used safely in 
animal feed.
Recent summer drought problems (1988) 
in the Midwest and the South have been implicated 
in the increased occurrence of aflatoxin in com (39). 
As a result, FDA revised the action levels (15) to 
100 pg/kg for com intended for breeding beef cat­
tle, breeding swine, and mature poultry; 200 pg/kg 
for com intended for finishing swine (>100  lbs); 
and 300 pg/kg for com intended for feedlot beef 
cattle. But the action level for com intended for hu­
man food and immature animals still remains at 20 
pg/kg. Also, major industrial alcohol producers 
have shown considerable interest in using the inte­
grated ammoniation and fermentation process to 
salvage aflatoxin-contaminated com to produce 
low-cost alcohol. Early in the harvest o f 1988, con­
taminated grain was discounted from 500 to $1.75 a 
bushel (Chicago Tribune, October 18,1988).
Conclusions
Ammoniation and ammoniation coupled 
with fermentation provide practical strategies for 
salvaging aflatoxin-contaminated grain for animal 
feed and alcohol fuel. Unfortunately, the FDA has 
not yet sanctioned commercial use of ammonia to 
destroy aflatoxin because of “incomplete” informa­
tion about the potential toxicity and carcinogenicity 
of reaction products (2, 15). Consequently, many 
questions still remain about the commercial utility 
of these processes.
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Techniques Used to Ammoniate Aflatoxin 
Contaminated Corn in the Field
W. C. Hammond
Department of Extension Engineering
University of Georgia
Introduction
The first logical step in dealing with con­
taminated grain is to determine the level of aflatoxin 
to see if it can be fed to livestock at an acceptable 
risk. Some farmers dilute “aflatoxin” com with un­
contaminated grain to make the ration less harmful 
to livestock. Others may clean the fines from the 
contaminated grain, with some improvement in 
quality. Scientists at the Northern Regional Re­
search Center, Agricultural Research Service,
USDA (1,6), developed a process for detoxifying 
aflatoxin-contaminated com by ammoniation at at­
mospheric pressure and ambient temperatures. They 
established a relationship between rates of detoxifi­
cation and temperature, moisture, time, and concen­
tration of ammonia. Commercial processes of am­
moniation in nations such as Dakar, Senegal, Brazil, 
and France (2, 5, 7) generally use high temperatures 
and/or high pressures.
Anhydrous ammonia (gas) or aqua-ammo­
nia (liquid) reacts with the aflatoxin molecule first 
by opening the lactone ring. Then a second reaction 
such as decarboxylation takes place, resulting in 
irreversible degradation of aflatoxin. Because am­
monia is only 0.6 as dense as air and is very vola­
tile, the grain to be treated must be sealed in an air­
tight container (sealed in plastic) to prevent the am­
monia from escaping into the atmosphere.
The U.S. Food and Drug Administration 
(FDA) has not yet approved ammonia-treated grain 
for legal interstate shipment. This does not prevent
treatment and use of the contaminated grain on the 
farm or locally. The FDA has, however, approved 
the ammonia treatment of cottonseed meal as a feed 
additive. Some questions still exist as to the possible 
side effects of ammoniation, although no problems 
have yet emerged in feeding trials. It should be not­
ed that the ammoniated com is darker in color be­
cause the com sugar is caramelized.
The paper by R. J. Bothast (see page 369) 
summarizes studies on detoxification of aflatoxin- 
contaminated com. This work set the stage for my 
work dealing with treatment on the farm.
This paper describes the field application 
of ammoniation of aflatoxin-contaminating com in 
an economical approach (3,4). No heat exchangers 
were used on the farm to vaporize the ammonia as 
in the research mentioned previously. The airtight 
containment in field studies was 6-mil plastic.
Field Application of 
Ammoniation
Gaseous and aqueous ammonia can be 
used on the farm. The rate of ammonia injected can 
vary from 0.5 to 1.5% of the com dry weight (48 lb/ 
bu). The lower rate would be recommended for com 
having more than 15% moisture at grain tempera­
tures over 80°F and with aflatoxin levels less than 
200 ppb. The 1.5% rate would be recommended for 
lower temperatures and moisture levels and/or 
greater aflatoxin levels. Levels between 0.5 and 
1.5% would be suitable for 200-400 ppb of aflatox­
in, temperatures of 55-65°F, and 12-13% grain 
moisture. The quantity of ammonia for various ap­
plication rates is shown in Table 1 for 15% moisture 
com.
Table 1. Quantity of ammonia at various treatment rates
Anhydrous ammonia (gas) Aqua-ammonia (29%) (liquid)
NH3 (gas) NH4OH (liquid)
Rate of application (%) 0.5 1.0 1.5 0.5 1.0 1.5
Quantity per bushel (lb) 0.24 0.48 0.71
(fl. oz.) 14 28 42
Com moisture increase (%) none - 1 2 3
Optimum field conditions allow most eco­
nomical treatment under relatively warm (>75°F) 
conditions. Ammonia has a strong affinity for mois­
ture and will readily combine with the moisture in 
grain at temperatures >75°F. For this reason, more 
effective treatment can be expected for grain with 
more than 13% moisture and above 60°F. Grain 
with less than 13% moisture and at cooler tempera­
tures can be detoxified with ammonia, but it will 
require a longer exposure to ammonia. Com treated 
at 17% moisture or greater will “stick together” and 
stand on a vertical surface when the ammonia cara­
melizes the sugar in the com. Once broken apart 
with an end loader or similar handling devices, the 
com will flow freely.
Com kernels exposed to ammonia immedi­
ately turn dark and increase about 10°F in tempera­
ture. Ammonia for grain treatment can be gaseous 
(NH3) or liquid (aqua-ammonia, NH4OH). Aqua- 
ammonia is 26 to 29% ammonia at standard atmo­
spheric pressure and temperature. This means about 
2.6 to 2.7 pounds of aqua-ammonia are required per 
bushel of com for the 1.5% treatment rate. Adding 
this much moisture may require drying for storage 
treatment. Aqua-ammonia can be pumped through 
nozzles mounted in an auger housing if the nozzle is 
properly calibrated and the nozzles are properly ele­
vated above the auger housing to allow dispersion 
into flowing grain. No recirculation of the ammonia 
gases is required when com is treated by using 
aqua-ammonia sprayed into an auger for mixing, 
but the com must be sealed (airtight) until treatment 
is complete (about a week under favorable condi­
tions) to prevent the ammonia from escaping.
Gaseous ammonia can be taken from the 
top of an anhydrous ammonia tank with some in­
convenience from ammonia lines freezing. If freez­
ing occurs, close the valve and add more ammonia 
after the lines thaw. A “cold-flow converter” can be 
used to prevent freezing of the ammonia. The am­
monia container can be weighed or the level indica­
tor gauge can be used on small tanks with sufficient 
accuracy to determine the amount of ammonia add­
ed.
The freezing of the ammonia tank, lines, 
and valves can usually be prevented by using an 
ammonia tank containing two or three times the 
quantity of ammonia needed. This allows more tank 
surface to absorb heat from surroundings to provide
heat for vaporization of the ammonia in the tank.
If aqua-ammonia is sprayed at the proper 
rate into an auger moving the contaminated com, 
the ammonia is distributed throughout the com 
mass and no recirculation of ammonia vapors is 
required. The com must be sealed in an airtight 
envelope. The application of aqua-ammonia will 
add about 2% moisture to the com for 1% of actu­
al ammonia injected. This also may eliminate the 
need for rewetting dry com.
Safety must be the first priority when 
handling ammonia. All provisions of the OSHA 
Regulations (29CFR 1910.I l l )  must be followed 
when handling anhydrous ammonia. Only ap­
proved tanks, valves, and lines can be used. Ade­
quate water should be close at hand for flushing 
eyes or skin if an accident occurs. A small squeeze 
bottle filled with water and carried in a pocket 
ready for rapid flushing of the eyes in an emergen­
cy is very desirable. Goggles, gloves, and a long- 
sleeved shirt should be worn for protection. Avoid 
breathing ammonia vapors and never allow a spark 
or flame near the ammonia. Ammonia is corrosive 
to metal (copper and brass fittings cannot be used) 
and reacts with galvanized metal, making ammo­
nia very corrosive to grain bins.
Ammonia cannot be forced into a grain- 
filled bin with a drying or aerating fan to success­
fully detoxify aflatoxin-contaminated com. Not 
only is the practice dangerous and destructive, the 
ammonia rapidly escapes and has little benefit. No 
spark, flame, or electrical equipment should be 
allowed near or exposed to ammonia.
Small batches can be treated by sealing 
the com or grain in a plastic cylinder made of 6- 
mil plastic and placing in a hopper-bottom wagon 
or hopper-bottom bin (Figure 1). One end of the 
plastic cylinder goes through the wagon discharge 
door or bottom of bin. The other end of the plastic 
cylinder is tied securely at the top after filling with 
grain to make a seal.
If you treat small batches of com in hop­
per-bottom containers or wagons by injecting am­
monia at the bottom of the hopper, no ammonia 
gas recirculation is required. One end of the plastic 
bag (shaped like a cylinder) is placed through the 
side discharge door of the wagon or bottom of 
hopper-bottom bins to allow grain discharge after 
treatment and allow entrance of a hose in the bot-
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tom of the hopper into the plastic bag. The plastic 
bag can be reused.
The door of the wagon is lowered on the 
plastic bag with the hose inside to keep com in the 
wagon after the plastic is gathered and tied tightly 
around the hose. A beverage can with holes punched 
in the sides should be placed over the end of the 
hose to prevent com from entering the hose. Drop 
the top portion of the plastic bag over the side of the 
wagon (or top of bin) to allow filling of the wagon 
(or bin) with a grain auger. After filling, gather the 
plastic together and tie it tightly like a big sack, seal­
ing the grain inside.
If  the ammonia causes freezing in the line 
or valve, shut off the ammonia supply until it thaws 
and then add the remaining desired ammonia to give 
the desired rate.
After five to seven days, the com should be 
sampled and analyzed to measure aflatoxin levels. 
The plastic container or bag should be immediately 
resealed after sampling. Hopper-bottom bins or wag­
ons must have smooth surfaces on sidewalls to be 
lined with plastic and used for treatment so that a 
seal can be maintained.
Large batches can be treated in hopper-bot­
tom bins lined with plastic or in flat storage struc­
tures. Gaseous recirculation should be provided for 
48 hours in flat storage when ammonia gas (NH3) is 
used. If a bin is too tall for the gas to penetrate to the 
top, recirculation will force complete dispersion. If
Hopper bottom 
wagons make 
convenient 
treatment 
containers
Figure 1. Hopper-bottom wagons (or hopper-bottom 
bins) can be lined with plastic for treatment of grain and 
unloaded by gravity.
the com in the top of the bin begins to heat about 
10-15°F and turns brown, dispersion is occurring. 
This is how you tell if forced recirculation is need­
ed.
Treatment in large batches or in flat-bot­
tom containers usually requires ammonia vapor re­
circulation for 48 hours. The fan can then be discon­
tinued for the rest of the treatment except for short 
operation periods for distribution of heat and mois­
ture (and condensation on the plastic). The treat­
ment time varies, depending on grain temperature 
and moisture (from one to three weeks).
If sampling indicates that aflatoxin has 
been reduced to acceptable levels, the return hose of 
the recirculation system can be disconnected and the 
fan operated to aerate the grain. Aeration in this 
manner helps remove some of the ammonia smell 
and makes the com more acceptable to swine and 
poultry. Cattle can readily digest the ammonia; urea 
also is used in cattle rations.
The plastic used as a cover for flat storage 
treatment must extend under the grain and have a 
central duct under the center of the grain pile. Later­
als consisting of 6-inch diameter perforated plastic 
drain tile can be connected to a central duct every 
24 inches along the central duct. The laterals extend 
at right angles to the central duct and reach to with­
in 2 feet of the edge of the pile. A flexible return 
duct can be sealed to the top of the plastic cover.
Use an electrically powered centrifugal (squirrel 
cage) fan to recirculate ammonia from the flexible 
duct at the top of the pile, forcing it under the com 
through the central duct underneath (Figure 2). Am­
monia can be injected into the pressurized duct be­
neath the grain pile from the vent o f an ammonia 
tank.
Ducts should be sized to keep air velocities 
in the ducts less than 1,000 feet per minute. The fan 
and motor should be sized to deliver 1/2 cfm per 
bushel treated.
Large hopper-bottom bins can be lined 
with plastic and gaseous ammonia injected in the 
bottom, like hopper-bottom wagons. If  the gas pene­
trates all through the grain mass, the top layer of 
grain will immediately turn darker in color and be­
gin heating about 10°F. If  this does not occur, then 
recirculation will be required as in flat storage. Hop­
per-bottom bins having fumigation systems that re­
circulate can be adapted to treat grain as in Figure 3.
PLAN VIEW
Note: See detail for duct cross section
DETA IL FOR DUC T C RO SS SEC TIO N
Figure 2. Flat storage facility to treat 1200 bushels of 
grain.
Conclusion
Com treated with ammonia turns dark be­
cause the sugar (altrose) is caramelized and the 
grain temperature increases about 10°F at the time 
of treatment. Either aqua-ammonia or anhydrous 
ammonia can be used effectively.
The ammonia treatment is effective and 
inexpensive, and it can be done on the farm at low
Figure 3. Concrete tanks used for fumigation can be 
used for ammoniation if properly sealed.
cost by sealing the grain in plastic. The com must be 
completely sealed to prevent the ammonia from es­
caping into the atmosphere. The ammonia may be 
added in the gaseous form or liquid form (aqua-am­
monia) but must be recirculated if applied as a gas 
into flat-bottom containers. No ammonia recircula­
tion is necessary in small batches if the com is prop­
erly sealed into a hopper wagon. No heat exchang­
ers to prevent freezing of anhydrous ammonia lines 
are necessary. If the tank or lines begin to freeze, a 
plastic cover can be added to give a greenhouse ef­
fect. After thawing, additional ammonia can be add­
ed. A total of 0.71 pound of anhydrous ammonia per 
bushel is required under the worst conditions.
Com treated with ammonia has a tendency 
to stick together if the com has more than 17% 
moisture.
Cattle can digest the ammonia in the com 
much like the urea added as a feed supplement. 
Swine and poultry, on the other hand, have no way 
to use the ammonia remaining in the com and may 
be reluctant (at least initially) to eat the com con­
taining the ammonia smell. Dairymen have tradi­
tionally benefited the most from ammoniation be­
cause dairy feed should have less than 20 ppb of 
aflatoxin to prevent aflatoxin occurring in the 
milk.
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The FDA has not approved the ammonia- 
tion process; therefore, treated com cannot be legal­
ly shipped out of state. It also is important to follow 
good safety practices and have water ready for 
flushing the eyes and skin if an emergency occurs. 
Spark or flame must not be allowed to come in con­
tact with ammonia. Motors used to drive fans for 
recirculation of ammonia must not be exposed to 
the ammonia. Ammonia reacts with copper, and a 
motor in the air stream could cause an explosion. 
Large tanks used for fumigation of grain, such as in 
Figure 3, can be used for treatment of aflatoxin- 
contaminated grain, provided a seal is made and 
recirculation fan motors are out of the air stream.
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Abstract
Aflatoxin contamination o f food  and food  
sources continues to be a serious problem in the 
United States. The most effective remedy fo r  afla­
toxin contamination is its prevention. Unfortunately, 
attempts to breed crops fo r  resistance to fungal in­
fection or aflatoxin contamination have been unsuc­
cessful. Some o f  the difficulties in evaluating resis­
tance to aflatoxin contamination result from  our 
lack „of knowledge concerning the biology o f  the 
fungus and the factors that regulate aflatoxin bio­
synthesis. A genetic transformation system fo r  As­
pergillus flavus is described that provides a new 
and expedient approach to studying the biosynthesis 
o f aflatoxin and its regulation. The transformation 
system will allow genes in the biosynthetic pathway 
to be isolated and used as specific probes to mea­
sure the expression o f  genes in the pathway. Thus, it 
will be possible to study regulation o f  specific steps 
in the pathway without the isolation o f  the enzymes 
involved. Pathway genes also can be sequenced to 
predict a number o f  biochemical properties o f  the 
gene products. An understanding o f  the biosynthesis 
and regulation o f  aflatoxin will help us to develop 
control strategies.
Introduction
The biosynthesis o f aflatoxin has intrigued 
scientists since the discovery of its structure in 
1963. O f the many mycotoxins produced by fila­
mentous fungi, aflatoxin has been the most exten­
sively studied. Through the use of mutant strains, 
the pathway inhibitor dichlorvos, and radioactively 
labeled precursors, a sequence of intermediates has 
been proposed that is accepted by most researchers 
(8). A current review of the pathway is presented in 
the paper by Bhatnagar and Cleveland (see page 
391). Although the pathway for aflatoxin biosynthe­
sis is becoming clear, the mechanism of its regula­
tion still remains poorly understood. The main rea­
son for the lack of knowledge on pathway regula­
tion has been the failure to isolate enzymes cata­
lyzing steps in the pathway. Many of the enzymes
seem to be present in small quantities or are unsta­
ble (8). Only one laboratory has been successful in 
characterizing a pathway enzyme (4).
Until recently, pathway regulation could 
be understood only if an enzyme could be isolated. 
This is no longer true. Molecular techniques are 
now available for studying the regulation of genes, 
and thus a pathway, without isolating specific en­
zymes in the pathway. It is possible to study path­
way regulation by using a pathway gene as a probe 
to measure its own expression. Obviously, the key 
to this approach is the ability to isolate a gene. Two 
techniques commonly used to isolate genes are (a) 
genetic transformation and complementation of spe­
cific mutations by using cloned DNA libraries and 
(b) complementary DNA hybridization. This dis­
cussion will summarize a strategy for isolating 
genes for aflatoxin biosynthesis by genetic transfor­
mation and complementation for function.
Isolation of Genes by 
Complementation for Function
Genes that are difficult to isolate by other 
cloning methods can now be isolated through genet­
ic transformation and complementation of specific 
mutations by using cloned DNA libraries. A num­
ber of genes have now been isolated by this ap­
proach (1, 11, 13, 18, 19, 21, 23); thus, it should be 
feasible to isolate aflatoxin genes by using this 
technique. The approach is to clone segments of 
DNA from an aflatoxin-producing strain and move 
the DNA segments into strains of the fungus that 
are blocked at specific steps in the aflatoxin biosyn­
thetic pathway. The piece of DNA that comple­
ments a strain blocked for aflatoxin biosynthesis to 
a toxin-producing strain should contain a gene for 
either the biosynthesis o f aflatoxin or for its regula­
tion. Once the complementing segment of DNA is 
isolated, it can be subcloned, sequenced, and used 
to study its own expression in the biosynthetic path­
way. The transformation systems for A. flavus  are 
described next.
»Transformation of A. flavus with the pyrA 
Gene
Movement of DNA into A. flavus strains 
blocked for aflatoxin biosynthesis requires an effi­
cient system for the uptake and incorporation of 
DNA into the genome of the recipient strains. 
Woloshuk et al. developed a genetic transformation 
system for A. flavus (22) that has a transformation 
efficiency of 30-50 transformants per ug of trans­
forming DNA. The transformation vector currently 
used is pA Fl and is shown in Figure 1. The select­
able marker for transformation is the pyrA gene of 
Neurospora crassa. This gene codes for an enzyme 
that catalyzes the final step in the pyrimidine path­
way. Recipient strains lack a functional gene for 
this enzyme and require uracil for growth. There­
fore, protoplasts that receive the transformation vec­
tor containing the pyrA gene can be selected by their 
ability to grow on medium lacking uracil. Transfor­
mants of A. flavus are visible within 24 hr, and 
spomlating colonies are present within 3 to 5 days. 
An advantage of this system is the selectivity; there 
is little background growth of nontransformed 
strains on medium lacking uracil.
Aflatoxin-Negative Mutants
An obvious requirement for gene isolation 
by complementation for function is a collection of 
mutants that are blocked for aflatoxin biosynthesis. 
Fortunately, such a collection exists. Through the 
efforts of K. E. Papa, 25 distinct aflatoxin-negative 
mutants are available (3,17). Although no sexual 
stage is known for A. flavus, Papa was able to map 
30 genes in A. flavus to eight linkage groups by 
parasexual analyses. O f the 12 aflatoxin loci 
mapped, 10 are on linkage group VII, 1 is on link­
age group II, and 1 is on linkage group VIII. The 
aflatoxin loci are all recessive in diploids, except 
mutations containing the afl-1 allele.
Construction and Screening of the 
Genomic Library
A genomic library of an aflatoxin-produc- 
ing strain of A. flavus [strain CRA-01-2B (CRA)] 
was constructed into the cosmid vector pA Fl. This 
strain was obtained from UV-irradiated conidia of 
the aflatoxin-producing strain NRRL 3357 and is 
resistant to 50 ug/ml MBC, the active ingredient of 
benomyl. Genomic DNA from the aflatoxin-pro-
»
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ducing CRA was incompletely digested with the 
endonuclease Sau3A, and 35-45 Kb fragments were 
used for insertion into the vector. A cosmid vector 
was chosen because large DNA inserts (40 Kb aver­
age in our cosmid) increase the probability of the 
complete DNA sequence of a particular gene resid­
ing in a single cosmid clone. The construction of a 
genomic library through the use of a cosmid re­
quires that only 3,000 clones be screened to have a 
99% probability of obtaining a particular gene se­
quence. Clones within the library are stored in 96- 
well microtitre dishes, and the library is screened as 
96-clone pools. Each of the clones within the 96- 
well microtitre dishes is grown individually, and the 
DNA is pooled and transformed as one pool. Once a 
pool containing a clone with an aflatoxin gene is 
located, individual clones within that large pool will 
be screened to locate the specific clone.
The final requirement for gene isolation by 
complementation for function is a screen for the af­
latoxin gene. I am using coconut agar as a medium 
to identify aflatoxin producers. Transformants that 
are selected for uracil protrophy are transferred to 
coconut agar (6) and observed at 7-10 days under 
UV light for the presence of a bright blue fluores­
cent halo around the colonies, indicative of aflatox-
fm.
I am currently screening the A. flavus 
genomic library by transforming the pyr  strains 774- 
2 and 650-33. These strains, although identified as 
non-producers by K. E. Papa, do produce small 
quantities of aflatoxin. The strains do not, however, 
produce visible amounts of aflatoxin on coconut 
agar. The characterization of these strains is shown 
in Table 8
Integration and Expression of the pyrA 
Gene in Aspergillus flavus
Hybridization analysis of transformants of 
A. flavus showed no similarity between the pyrA 
gene of N. crassa used as a probe and the orotodine- 
5 '-phosphate decarboxylase gene of A. flavus. Vec­
tor DNA integrated randomly into the genome of A. 
flavus, with a tendency for multiple, tandem inser­
tion (22). Such integration has been observed in oth­
er pyr4 transformation systems (10, 20). Transfor­
mants with single or multiple insertions were stable 
after five consecutive transfers on medium contain- 
ing uracil.
_______________________________________ _ 4
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Expression of the pyrA gene in seven 
transformants was determined by measuring the 
enzymatic activity of orotodine-5 '-phosphate de­
carboxylase. Enzymatic activity, measured as the 
release of COz, ranged from 56 to 602 nmoles of 
substrate transformed per min per milligram of pro­
tein. Activity of the gene seemed to be related to 
the number of copies and the type of integration. 
Transformants with multiple tandem copies had the 
most activity, and a transformant with a single copy 
of the gene had the least activity. Although the 
transformants differed greatly in enzymatic activi­
ty, they did not differ significantly in growth on 
medium lacking uracil. The activity of the transfor­
mant with the single copy of the pyr4 gene was 
comparable to that of the wild-type strain and grew 
at a rate comparable to the wild type. Evidently, 
only one copy of the gene is necessary for expres­
sion of sufficient levels of the enzyme for A.flavus  
to grow. These data indicate that the heterologous 
pyr4 gene o f N. crassa is expressed in A .flavus  as 
well as the native gene.
Transformation of A. Flavus with an Altered 
S-Tubulin Gene
One limitation to the transformation sys­
tem based on pyr4 as a selective marker is that each 
strain that is transformed must be mutated to uracil 
auxotrophy. This has not been a serious limitation 
because there is a positive selection procedure for 
pyr mutants (5), and it has been possible to move 
the pyr mutation into two other strains through 
parasexual recombination (22). In studies where 
several pathway enzyme mutants are to be trans­
formed, however, it is desirable to have a dominant 
selectable marker that allows selection without pri­
or manipulation of the recipient strain. The fungi­
cide benomyl has been used as a dominant select­
able marker in other fungi (12), but the heterolo­
gous B-tubulin genes from A. nidulans and N. cras­
sa that confer resistance to benomyl are not ex­
pressed sufficiently in A.flavus  to allow for selec­
tion of transformants. Because homologous genes 
have increased transformation efficiencies in some 
systems (11, 20), a study was initiated to isolate a 
native B-tubulin gene from a benomyl-resistant 
strain o f A.flavus  and to use it as a selectable 
marker for transformation.
B-tubulin
F igure 1. Transformation vectors for Aspergillus 
flavus. The vector on the top contains the pyrA gene of 
Neurospora crassa as a selective marker, and the vector 
on the bottom contains an altered B-tubulin gene from A. 
flavus that confers resistance to benomyl.
An altered B-tubulin gene conferring resis­
tance to benomyl was identified by screening a 
genomic library of CRA with the benA gene of A. 
nidulans. One clone was found that, when trans­
formed back into A.flavus, resulted in resistance to 
benomyl. A 3.4 Kb Hind  HI-PstI fragment from the 
cosmid containing the altered B-tubulin gene was 
subcloned into the plasmid pRG3, a transformation 
vector for A.flavus  (22) that contains the selectable 
marker pyrA. The resulting plasmid, pBRG4, is 
shown in Figure 1. The transformation efficiency of 
this vector is much less (1-3 transformants per mi­
crogram) than for pA Fl, but it has the advantage 
that recipient strains do not require prior mutation 
to auxotrophy. The reduced efficiency of transfor­
mation seems related to the integration and expres­
sion of the altered B-tubulin gene.
385
Table 1. Genotype and aflatoxin production by haploid and diploid strains of A.flavus
Strain Genotype
AflatoxinB, + B2 
(ug/g dry wt)
650-33 t leu afl-2 pyr 17.51
774 w pdx afl-21 1.10
774 X 650-33 w + pdx + afl-21 + + 317.52
+ t + leu + afl-2 pyr
774-2 w pdx afl-21 pyr 2.86
774-2 X 650-33 w + pdx + afl-21 + pyr 92.10
+ t + leu + afl-2 pyr
3357 wild type 366.48
Integration and Expression of an Altered B- 
Tubulin Gene
Expression of the altered B-tubulin gene in 
transformants was examined by selection of the 
transformants on medium lacking uracil and by di­
rect selection on benomyl. Transformants were se­
lected for uracil independence at a frequency of 3 
transformants per ug DNA, an efficiency similar to 
pRG3 (22) but less than that for pAFl. Thirty of 
these transformants were transferred to a range of 
concentrations of MBC (the active component of 
benomyl). Expression of resistance varied between 
the transformants, and three phenotypes were ob­
served. Six were as sensitive as the recipient strain, 
19 were intermediate in resistance and grew on me­
dium containing 1.0-2.5 ug/ml MBC, and 5 trans­
formants were resistant to 5.0 ug/ml MBC.
Transformants also were selected directly 
on medium containing 1.4 ug/ml MBC. The average 
efficiency of transformation was 1.25 colonies per 
microgram of DNA. The apparent reason for the 
lower efficiency of transformation by direct selec­
tion was that transformants expressing little or inter­
mediate resistance failed to grow on the concentra­
tions of MBC used.
Hybridization analysis indicated that the 
altered B-tubulin integrated at multiple sites in the 
fungal genome and all transformants but one 
seemed to have multiple copies. Only one transfor­
mant had a single copy of the gene. Integration did 
not occur at the homologous site in A .flavus  as has
been reported for A. nidulans (10). Variation in ex­
pression of benomyl resistance among A.flavus  
transformants seems due to the copy number of the 
B-tubulin gene integrated into the genome. The 
more resistant transformants had multiple copies of 
the B-tubulin gene incorporated into multiple sites 
in the genome, whereas intermediate and sensitive 
transformants had fewer copies of the altered B- 
tubulin gene.
Sequence Analysis of the B- 
Tubulin Gene from A. flavus
The sequence of the altered 5 -tubulin was 
compared with that of other B-tubulin genes. There 
is a 96% similarity between the predicted amino 
acid sequences of A.flavus  and the benA gene of A. 
nidulans. Furthermore, the positions of the introns 
are highly conserved among the two B-tubulins. A 
notable difference is that A.flavus  lacks the sixth 
intron that is present in the benA gene and there is 
an additional leucine residue present at the begin­
ning of the last exon that is absent in the benA gene 
of A. nidulans. A great degree of similarity between 
the B-tubulin genes from these two fungi may be 
expected, inasmuch as the anamorphs of these fungi 
are in the same genus, but the true relatedness of 
these fungi cannot be confirmed because no teleo- 
morph is known for A .flavus.
Typical of other filamentous fungi, the in­
trons of the A. flavus B-tubulin gene are relatively
short, and the majority are found in the 5' third of 
the coding sequence. The sequence analysis did not 
reveal any TATA box or CAAT region, but there is 
a pyrimidine-rich region at -147 to -114bp upstream 
from the initiation codon. Additionally, the AUG 
initiation codon is preceded by the sequence CCA- 
CA, which agrees with the consensus sequence C/T 
A/C ACA reported for Aspergillus (2, 9). The se­
quence of the region 3" to the termination codon 
does not show the AATAAA polyadenylation signal 
typical of higher eukaryotes, but the signal is not 
well conserved in other filamentous fungi (2).
In N. crassa, a single thymine to adenine 
transversion, resulting in a phenylalanine to tyrosine 
change at amino acid position 167, has been report­
ed to be responsible for resistance to benomyl (12). 
In the 5-tubulin gene of A .flavus  conferring resis­
tance to benomyl, the base at position 167 is also an 
adenine, and the respective triplet codes for a ty­
rosine. This suggests that the same mutation confer­
ring resistance to benomyl in N. crassa may confer 
resistance to benomyl in A.flavus.
These studies indicate that gene structure 
in A.flavus  seems similar to that of other filamen­
tous fungi. This is supported by the observation that 
heterologous genes are expressed in A.flavus. From 
this information one can predict that genes inserted 
into the genome o f A .flavus  will be expressed as 
has been shown for other fungi.
Cloned Genes as Tools to 
Study Aflatoxin Biosynthesis 
and Regulation
The ability to clone genes for aflatoxin bio­
synthesis provides new approaches for studying the 
regulation and biosynthesis of aflatoxin. The most 
powerful application is the ability to study pathway 
regulation without isolating enzymes in the path­
way. Once a pathway gene is isolated, it can be used 
as a probe to monitor the changes in levels o f gene- 
specific mRNAs. For example, mRNA can be iso­
lated from cultures grown under different environ­
mental conditions and with different amendments, 
and the expression of the genes can be determined. 
This technique to study gene regulation has two dis­
tinct advantages. First, the technique allows study of 
the regulation of the pathway without the isolation 
of enzymes in the pathway. Because enzymes in the
aflatoxin biosynthetic pathway have been difficult to 
isolate and purify (8), this technique should expedite 
studies on aflatoxin regulation. Second, this ap­
proach directly measures the expression of the genes 
in the pathway. This allows direct measurement of 
the influence of compounds on the pathway, inde­
pendent of effects on primary metabolism. In many 
physiological studies on the regulation of secondary 
metabolism, it has been difficult to determine if the 
response to a treatment resulted from a direct effect 
on the pathway or from an indirect effect on primary 
metabolism. Therefore, through the use of cloned 
genes, specific questions can be asked about the reg­
ulation of aflatoxin. For example, when is each afla­
toxin gene expressed in the life cycle of the fungus? 
How do different nutritional and environmental con­
ditions affect the expression of these genes? What 
correlations exist between the time or level of gene 
expression and the actual aflatoxin concentrations 
present in cultures?
Information about gene function also can 
be determined from the nucleotide sequence o f the 
gene. By comparing the sequence of an aflatoxin 
gene with that of known genes, it may be possible to 
infer a common gene product or a known type of 
regulatory function. It also is conceivable that sever­
al of the genes in the pathway have the same or simi­
lar regulatory sequence. If  this is true, one may be 
able to isolate the promoter sequence for the gene 
and use it as a probe to isolate other genes in the 
pathway.
A cloned gene also can be used to study the 
ecology of the fungus and to trace the evolution of 
the biosynthetic pathway. The gene can be used as a 
probe to determine if a gene is unique to A .flavus  or 
if it is present in a number of other fungal species. It 
is known that intermediates in the pathway are 
present in other fungi. Do these fungi have homolo­
gous genes, and are the genes regulated similarly to 
the ones in A.flavus?  The role of the toxin in the 
ecology of the fungus also can be determined once 
genes for aflatoxin are cloned. The specific gene can 
be deleted or mutated by gene replacement or gene 
disruption, and direct comparisons can be made be­
tween isolates containing a functional gene and 
those containing defective genes.
Most importantly, information gained on 
the regulation of genes in the pathway may help de­
vise effective control strategies. Some of the diffi­
culties in evaluating resistance to aflatoxin contami­
nation in the field result from our lack of under­
standing of the biology of die fungus and the factors 
that regulate aflatoxin biosynthesis. Several factors 
are known to influence infection and aflatoxin pro­
duction by A .flavus  in commodities, but the bio­
chemical basis of these effects is not known (14,15, 
16,17). The observation that greater infection levels 
of A .flavus  on cottonseed do not ensure greater af­
latoxin accumulation suggests that regulation of the 
aflatoxin biosynthetic pathway is independent of 
primary growth (7). It is, therefore, conceivable that 
inhibitors) affecting regulatory functions of biosyn­
thesis could be used as an effective control method. 
Greater knowledge of the biosynthetic pathway and 
the regulatory factors affecting biosynthesis could 
facilitate the synthesis or isolation of such an inhibi­
tor and lead to the development of plants that resist 
aflatoxin contamination.
Cloned genes, for example, can be used to 
augment classical plant breeding and to expedite the 
selection of resistant genotypes. For example, once 
a gene has been cloned, it can be used as a probe to 
monitor gene expression. Extracts of plants showing 
resistance to aflatoxin accumulation can be added to 
cultures of the fungus and examined for their effect 
on the expression of genes in the pathway. Once 
inhibitory compounds are identified, breeding can 
be initiated to incorporate genes coding for these 
compounds into plants with desirable agronomic 
lines.
A second strategy for control of aflatoxin 
contamination is to transform plants with genes cod­
ing for compounds that block aflatoxin formation. 
Such a gene could be constructed with a plant pro­
moter that is expressed only in the seeds or only 
during drought stress (promoters with such specific 
expression have been described). It also is conceiv­
able that, rather than incorporate a gene for resis­
tance into the plant, it may be possible to effect con­
trol of aflatoxin through the deletion of plant genes 
that favor aflatoxin formation. Drought stress, 
which favors aflatoxin contamination (15), also re­
sults in the accumulation of several metabolites in 
plants. Some of these metabolites are undoubtedly 
necessary for adaptation to stress, but others may 
play no direct role in the adaptation to drought and, 
thus, could be eliminated.
Effective control o f aflatoxin contamina­
tion will probably require an integration of several 
control methods. The increased concern among 
consumers about aflatoxin contamination makes it 
even more important that effective control proce­
dures be developed. Once more is known about the 
regulation of the biosynthetic pathway, other con­
trol procedures may become more apparent.
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Abstract
Recent work on the elucidation o f the 
chemical, biochemical, and genetic mechanisms o f  
the aflatoxin biosynthetic pathway is reviewed. O- 
methylsterigmatocystin (OMST) is an intermediate 
in the aflatoxin biosynthetic pathway between ster- 
igmatocystin (ST) and aflatoxin (AFBf). This led to 
the discovery o f  two enzyme activities responsible 
fo r  the late stages o f aflatoxin synthesis: 1) a meth- 
yltransferase (MT) catalyzing the conversion o f  ST  
to OMST and 2) an oxidoreductase (OR) that con­
verts OMST to AFB . The enzymes also catalyze the 
conversion o f  dihydrosterigmatocystin (DHST) to 
aflatoxin B2 via a dihydro-O-methylsterigmatocys- 
tin (DHOMST) intermediate. The AFBj precursors 
ST and OMST are preferred as substrates fo r  M T  
and OR, respectively, over the AFB2 precursors 
(DHST and DHOMST). The anionic M T (168 KDa; 
two subunits, 110 KDa and 58 KDa) has been puri­
fied  to virtual homogeneity and characterized. A  
cationic isozyme o f  M T also has been identified 
and partly purified. The oxidoreductase has been 
partly purified and characterized. A  reductase in­
volved in the early stages o f  aflatoxin biosynthesis 
(catalyzing conversion o f  norsolorinic acid to aver- 
antin) also has been identified and purified. Pre­
liminary estimates indicate the approximate molec­
ular mass o f  36 KDa fo r  the early reductase. A  
lambda g t l l  cDNA expression library, constructed 
from  A. parasiticus mRNA isolated from  mycelia 
actively synthesizing aflatoxin, was screened with 
antisera against M T and gave 50-60 positive phage 
plaques. These phage plaques will be used to iso­
late the M T genes. By using the cloned genes fo r  
enzymes in the aflatoxin biosynthetic pathway, the 
relationship between the genetic information and 
the production o f  specific secondary metabolic en­
zymes in AF biosynthesis can be established, and 
effective molecular strategies fo r  reducing or elimi­
nating aflatoxin contamination will be developed.
Introduction
Aflatoxins B15 B2, G} and G2 (AFBj, AFB2, 
AFGr  AFG2) are biologically active, polyketide- 
derived, toxic secondary metabolites produced by 
two fungal species, Aspergillus flavus Link ex. Fries 
and A. parasiticus Speare (3). Research on the mode 
of action, metabolism, and chemistry of the biosyn­
thesis of these toxins has been extensively reviewed 
(3, 17, 25, 40, 50). Mutants of A. parasiticus im­
paired in aflatoxin biosynthesis have been useful in 
studying the aflatoxin pathway (5, 34,40, 43 ,44, 
48). By using blocked mutants, metabolic inhibitors, 
and radioactive labeling with resting cells and cell- 
free extracts of Aspergillus spp., some of the major 
chemical steps of the pathway were established, 
with the general sequence: acetate — > polyketide 
—> anthraquinones — > xanthones — > aflatoxins. 
These studies have emphasized the biosynthetic ori­
gin of AFBj, whereas the biosynthetic origins of 
AFB2, AFG,, and AFG2 have received less atten­
tion. AFB, is the most toxic and is usually produced 
in the greatest quantity.
The biochemistry and genetics of the bio­
synthesis of the aflatoxins have not received the 
same attention as that given to primary metabolism 
(26) despite nearly 30 years of research on this tox­
in. Some efforts have been made, however, toward 
developing an understanding of the enzymes in­
volved in aflatoxin biosynthesis and their regulation 
and associated processes.
This article reviews some of the recent 
(since 1985) developments from our laboratory 
(SRRC, USD A) in the elucidation o f the chemical, 
biochemical, and genetic mechanisms of aflatoxin 
biosynthesis. Detailed information on the chemical 
mechanism of AFBj and AFB2 synthesis is provid­
ed. Acquisition o f information on the detection and 
purification of enzymes and their regulation is de­
scribed; the utilization of this information in the 
study of the genetics of aflatoxin biosynthesis is 
outlined. Monitoring genetic aspects o f the cellular 
regulatory processes associated with aflatoxin pro­
duction will ultimately provide fundamental infor­
mation for genetic or regulatory manipulation of the 
pertinent Aspergillus sp. genome, thus leading to 
development of procedures for practical control of 
aflatoxin contamination.
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Chemistry of Aflatoxin 
Biosynthesis
The metabolic process leading to aflatoxin 
synthesis has no obvious physiological role in pri­
mary growth and metabolism of the organism and, 
therefore, is considered to be a secondary metabo­
lism (40). As yet, there is no confirmed biological 
role o f aflatoxins in the survival o f the fungal organ­
ism. Because aflatoxins have been shown to be tox­
ic to certain potential competitor microbes (25), in­
sects (see paper by Wicklow in this report), and oth­
er animals in the ecosystem, a survival benefit to the 
fungi producing aflatoxins is implied.
Studies on the biosynthesis of AFBj, the 
major metabolite of most aflatoxigenic fungi, have 
shown that the basic skeleton of the toxin molecule 
is derived entirely from acetate units (Figure 1) via
■  •  ▲
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Figure 1. The radioactive labeling pattern for aflatoxin 
B, synthesized by A. flam s from 14C-labeled acetate and 
methionine.
the polyketide pathway and that methionine con­
tributes the methoxymethyl group (15,35). Current 
findings (see 1 for review) support a biosynthetic 
scheme based on a C20 polyketide (decaketide) pre­
cursor.
The success in elucidating early intermedi­
ate compounds in the aflatoxin biosynthetic scheme 
was based on mutants blocked in AFB synthesis. 
Until 1986, pertinent mutants and the information 
procured from the intermediates they accumulated 
were used in incorporation and degradation experi­
ments of relevant radiolabeled compounds to devel­
op the following biosynthetic scheme: acetate—> 
polyketide—> norsolorinic acid (NOR) — > aver- 
antin (AVN)— > averufin (AVF)— > versiconal 
hemiacetal acetate (VHA)— > versicolorin A (Ver 
A)— > sterigmatocystin (ST)— > aflatoxin Bj (13).
Several of the known aflatoxin precursors
Figure 2. HPLC trace of major anthraquinone 
precursors of aflatoxin isolated from cultures of A. 
parasiticus SRRC 143: versiconal hemiacetal acetate 
(VHA), versicolorin C (Ver C), versicolorin A (Ver A), 
averufin (AVF), averantin (AVN), averufanin (AVNN), 
and norsolorinic acid (NOR). The procedures used have 
been described earlier (42).
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POLYKETDEand other related metabolites have very similar Rf 
values in TLC separations with several solvent sys­
tems. Therefore, isolation, identification, and quanti­
tation of known and unknown aflatoxin precursors is 
difficult. For this reason, column chromatographic 
and high-performance liquid chromatographic 
(HPLC) procedures were developed (42) to study 
aflatoxin biosynthesis. With the improved resolution 
inherent in these techniques, it was possible to rapid­
ly separate and quantitate the major metabolites 
from A. flavus and A. parasiticus cultures (Figure 2) 
and expand the aflatoxin biosynthetic scheme to in­
clude additional biosynthetic intermediates.
Earlier reports (37) suggested that O-meth- 
ylsterigmatocystin (OMST), a fungal metabolite 
(13), was a side shunt metabolite of the aflatoxin 
biosynthetic pathway. But precursor feeding experi­
ments with [14C]OMST clearly indicated that OMST 
was a requisite intermediate in aflatoxin biosynthesis 
(13) between sterigmatocystin and aflatoxin Bj (Fig­
ure 3). The conversion of ST to OMST involves a 
simple methylation (Figure 3), whereas the conver­
sion of OMST to AFBj is postulated to be a veiy 
complex reaction (7). Methylation of ST seems to be 
a required step in the subsequent enzymatic oxida­
tion of OMST to AFBj. In similar radiolabeling 
studies, but with [14C]averufanin (AVNN), it was 
observed that the [14C] label was incorporated into 
aflatoxin Bj and several AFBj precursors, AVF, Ver 
A, and OMST (Figure 3), but not in AVN (41).
These results demonstrated that averufanin also was 
a biosynthetic precursor of aflatoxin Bx between ave- 
rantin and averufin.
Some studies (15, 31,49) have suggested 
that AFBj is the progenitor of additional aflatoxins 
(AFB2, AFG j, AFG2), whereas other workers (27) 
have postulated that AFBj and AFB2 are produced 
by separate pathways. Recent results have demon­
strated that AFB2 is produced from a unique branch 
in the aflatoxin biosynthetic pathway (18,22,53); 
AFB2 arises from dihydrosterigmatocystin (DHST) 
and dihydro-O-methylsterigmatocystin (DHOMST), 
whereas AFBj arises from ST and OMST (13). The 
branch point in the pathway has not yet been estab­
lished, but it is generally accepted that the early pre­
cursors (NOR, AVN, AVNN, AVF, and VHA) are 
common to both pathways (27). Preliminary evi­
dence obtained from precursor feeding studies sug­
gests that Ver A is an AFBj precursor (L.S. Lee,
Figure 3. The generally accepted scheme of known 
precursors in the biosynthesis of aflatoxins Bt and B2. NOR, 
norsolorinic acid; AVN, averantin; AVNN, averufanin; 
AVF, averufin; VHA, versiconal hemiacetal acetate; Ver A, 
versicolorin A; ST, sterigmatocystin; OMST, O- 
methylsterigmatocystin; DHST, dihydrosterigmatocystin; 
DHOMST, dihydro-O-methylsterigmatocystin; Bl, 
aflatoxin B2; and B2, aflatoxin B2.
T.E. Cleveland, D. Bhatnagar, unpublished obser­
vations). Hsieh et al. (36) have reported a new me­
tabolite, versiconal hemiacetal alcohol (VAL), 
which is formed by deacetylation of VHA and is 
rapidly converted, with closure of the ring, to Ver C 
under acidic conditions, or spontaneously over time 
(Figure 4). In an earlier study, dichlorovos caused 
VHA accumulation and inhibited aflatoxin produc­
tion in a Ver A-accumulating mutant o f A. parasiti­
cus but did not inhibit Ver C production (4,55).
Also, a high AFB2-accumulating strain of A. flavus
o
OH
VHA
I
\
Figure 4. Mechanism for the conversion of versiconal 
hemiacetal acetate (VHA) to versicolorin C (Ver C) via a 
versiconal hemiacetal alcohol (VAL) intermediate.
(SRRC 141) accumulates Ver C but not Ver A, indi­
cating that a step between VHA and Ver A probably 
is blocked (27). From these observations, a probable 
metabolic scheme for AFB, and AFB2 synthesis is 
proposed:
a) VHA— >— > Ver A— > ST— > OMST— > AFB,
b) VHA— > VAL— > Ver C— > DHST—> 
DHOMST—> AFB2
A similar scheme was proposed by Mag- 
gon et al. (38) and Dutton et al. (27), who theorized 
that AFBj arose via Ver A and ST and that dihydro- 
furofuran aflatoxins arose as follows:
versiconal—> versicolorin C—> 5-hy- 
droxy-dihydrosterigmatocystin—> AFB2—> AFG2.
The biosynthesis of AFBj and AFB2 is fair­
ly well understood, but the biosynthetic origins of
AFG, and AFG2 have received less attention. It is 
generally assumed that AFBj is a precursor of 
AFGj and AFG2 (15,49), and several reviews in­
clude postulated schemes illustrating AFBj to AFGj 
conversion (6,16, 32). The experimental role of 
AFB as the precursor of AFGj is based on two 
studies. Maggon and Venkitasubramanian (39) 
used [14C]AFBj as a substrate for in vitro incubation 
with a cell-free homogenate of A. parasiticus and 
reported recovery of small amounts of [14C] label in 
AFB2, AFG, and AFG2; Heathcote et al. (31) re­
ported similar results by using an in vitro system 
with wild-type A. flavus. Studies from our laborato­
ry, by using in vivo feeding of precursors, indicate 
that AFG, is synthesized from ST/OMST (13) and 
AFG2from DHST/DHOMST (18), namely the 
AFBj and AFB2 precursors, respectively. Using mu­
tant strains blocked in aflatoxin pathway, Floyd et 
al. (28) and Henderberg et al. (29) did not observe 
any biotransformation of AFB, or AFB2 into either 
AFG, or AFG2. Their results suggest independent 
pathways to the B and G aflatoxins; AFB, is not an 
intermediate, therefore, but an end product of the 
aflatoxin biosynthetic pathway.
Enzymes in Aflatoxin 
Biosynthesis
Major hurdles in purifying enzymes in­
volved in aflatoxin biosynthesis have included: a) 
active cell-free preparations from mycelia of fila­
mentous fungi are difficult to obtain (26); (b) en­
zymes with the desired activity for production of 
secondary metabolites are present in relatively 
small concentrations (10, 11,14); (c) pertinent en­
zymes are extremely short-lived (23); (d) the en­
zymes are inactivated by even the slightest pertur­
bations from their native environments (26); (e) 
identity of the end product o f each individual enzy­
matic step is not clearly defined (12); and (f) dura­
tion of the optimal activity of the enzymes has not 
been established (23).
Some efforts have been made toward de­
veloping a cell-free system for identifying the en­
zymes involved in aflatoxin biosynthesis. The con­
version of both ST and VHA to AFB, has been 
demonstrated with cell-free extracts derived from 
A. parasiticus mycelia (37,47). Enzymes responsi­
ble for conversion of ST to AFB, were not resolved
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Table 1. Conversion of sterigmatocystin and O-methylsterigmatocystin to Aflatoxin B t by cell-free 
subcellular fractions of Aspergillus parasiticus SRRC 163 mycelia
Fraction1 Metabolite2 
added to reaction 
medium
jig OMST3 
produced 
(mg protein)'1
jig AFBj3
produced 
(mg protein)'1
5 Kxg Supernatant ST 0.9 ±0.1 5.2 ±  0.8
OMST ND4 6.8 ± 1.1
Pellet ST ND ND
OMST ND ND
20 Kxg Supernatant ST 0.6 ± 0.1 3.2 ± 0 .5
OMST ND 4.1 ± 0 .5
Pellet ST ND ND
OMST ND ND
105 Kxg Supernatant ST 4.1 ± 0.6 ND
OMST ND ND
Pellet ST ND ND
OMST ND 1.1 ± 0.2
Supernatant + ST 1.1 ± 0 .3 0.8 ±  0.2
Pellet OMST ND 1.0 ± 0.2
1 Cell-free fractionated components of 4-day-old mycelia of SRRC 163 added to the reaction mixture to give a total pro­
tein of 2 mg in each assay.
2 The enzyme assays were carried out as described earlier (11). 10 jig of either ST or OMST was added to the 2 ml reac­
tion mixture in 10 pi acetone to initiate the reaction. This concentration of acetone was observed to not inhibit the en­
zyme activities.
3 The values represent the means and standard errors of the least three replicates.
4 ND, not detected; this refers to OMST content determined in the extracted reaction mixture above the amount of OMST 
fed (10 jig) to initiate the reaction.
until OMST conversion to AFBj was observed (13). 
Cleveland et al. (23) established that subcellular 
fractionation of A. parasiticus mycelia resolved two 
enzyme activities involved in ST to AFBt conver­
sion (Table 1): 1) a postmicrosomal (105 Kxg su­
pernatant) fraction catalyzed conversion of ST to 
OMST, and 2) a microsomal-associated activity
(105 Kxg pellet) mediated conversion of OMST to 
AFBj (Figure 5). S-Adenosylmethionine stimulated 
the postmicrosomal enzyme activity (ST to OMST) 
two- to three-fold in cell-free mycelial extracts 
(19). S-Adenosylmethionine (SAM) was later dem­
onstrated to be a substrate for the ST to OMST 
(“methyltransferase”) enzymatic conversion (7). It
(post - microsomal fraction)
v
O-Methylsterigmatocystin
(microsomal fraction)
▼
Aflatoxin Bt
Figure 5. Enzymatic reactions during the conversion of 
sterigmatocystin to aflatoxin Bt through an O- 
methylsterigmatocystin intermediate.
was found that [3H]OMST of specific activity 0.93 
Ci/mmol was obtained in a reaction containing the 
[3H]SAM as substrate (specific activity 1 Ci/mmol). 
After the terminal enzymatic conversion of OMST 
into AFBj, none of the radiolabel o f the methyl 
group was found in AFB, (7). The latter enzyme 
activity was observed only in the presence of NAD- 
PH (19) and, on the basis of cofactor requirement, 
the enzyme (or enzyme complex, 12) has been ten­
tatively designated as an oxidoreductase. A compar­
ison between the protein patterns of cell-free ex­
tracts on denaturing polyacrylamide gel electro­
phoresis of a natural isolate of A. parasiticus 
(SRRC 2043) that accummulates OMST but not 
aflatoxin and another A. parasiticus mutant strain 
(SRRC 163) that can convert exogeneously added 
ST to OMST to AFBj did not reveal any qualitative 
differences (11). These results suggest that enzymes 
involved in secondary metabolism are present in 
extremely small quantities.
Early attempts to purify enzymes responsi­
ble for ST to AFBj conversion from subcellular 
fractions of cell-free extracts o f A. parasiticus my- 
celia were unsuccessful, probably because the en­
zymes were present in relatively small concentra­
tions and were extremely short-lived (12). Several 
techniques were examined for disruption of large 
quantities of fungal mycelia to obtain active and 
stable cell-free preparations (26). Various proce­
dures by Hsieh and co-workers (47,51), Jeenah and 
Dutton (37), and others (46) were used in the prepa­
ration of cell-free mycelial extracts. Purification of 
enzymes involved in aflatoxin biosynthesis from 
cell-free extracts, prepared by grinding the mycelia 
under liquid nitrogen, yields the most stable prepa­
rations (14); this procedure also was the most effi­
cient method for the recovery of protein from fun­
gal mycelia (Table 2). A 500-g sample of mycelia 
(wet weight) could be pulverized to a fine powder 
in 20 to 30 min in a stainless steel Waring blender. 
The procedure is, therefore, very rapid and yields 
greater than 60% mycelial breakage (visualized un­
der electron microscope, unpublished). The pulver­
ized mycelial powder was usually stable for up to 
14 days in storage at -70°C, losing only about 15- 
25% of its activity during storage (12).
Cleveland et al. (23) established the time 
course for the appearance and disappearance of en­
zymes involved in the conversion of ST to AFBj by 
using cell-free extracts of a mutant of A. parasiticus 
(SRRC 163) blocked in an earlier step in the bio­
synthetic pathway. The A. parasiticus strain used in 
this study does not produce aflatoxins but accumu­
lates averantin (5), but the enzyme system in the 
later stages of aflatoxin biosynthesis is present in­
tact in the cultures. The two late-stage enzymes 
(methyltransferase and oxidoreductase) were absent 
in 24-h-old cells, increased to optimum levels dur­
ing the stationary phase (between 72 and 90 h), and 
then declined (Figure 6). Accumulation of large
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Table 2. Protein recovery in cell-free extracts and conversion of sterigmatocystin to aflatoxin by 
different cell-free preparations from a mutant strain (SRRC 163) of Aspergillus parasiticus
Method for
cell-free
preparation
Reference
for
method
mg Soluble protein/ 
g mycelial wet 
weight1
pg Aflatoxin
produced/mg
protein/hr2
Sand grinding 46 5.80+1.39 0.41 ±  0.06
Glass bead grinding 51 4.63+1.21 0.35 ±  0.04
Lyophilization 26 8.82 +  0.97 0.60 ±  0.05
Liquid-nitrogen 14 12.5 ±  1.75 0.66 ±  0.06
grinding
1 Cell-free extracts were prepared from 50 g 4-day-old mycelia (wet weight) in 0.1 M potassium phosphate buffer (pH 
7.5), 10% glycerol, and 2 mM P-mercaptoethanol, and the protein concentration in the extract was measured by standard 
procedures.
2 The aflatoxin biosynthesizing capacity of these cell-free extracts was determined as described earlier (11). The results 
represent the mean and standard error of a least 3 experiments with 2 replicates each.
Figure 6. Production of AFB, and OMST in the presence of microsomal and postmicrosomal fractions, respectively. 
Vertical bars show the range about the means of duplicate assays (23),
amounts of AFB, in submerged fermentations began 
after 48 h of growth, which correlates well with the 
duration of maximal increases in ST to OMST and 
OMST to AFBj conversion activities. Therefore, the 
optimum age of mycelial cultures for detecting and 
purifying enzyme activity was between 72 and 84 h.
Methyltransferase purification
The requirement of a methyltransferase 
(MT) in aflatoxin biosynthesis has been demonstrat­
ed by Detroy and Ciegler (24), who reported that 
DL-ethionine prevented aflatoxin synthesis; Jeenah 
and Dutton (37) showed that ethionine decreased 
the production of OMST, whereas SAM increased 
the production of OMST in cell-free extracts of A. 
parasiticus. Clearly, methylation of ST is required 
for subsequent enzymatic oxidation of OMST to 
AFBj; this MT activity has been purified to virtual 
homogeneity (Figures 7 and 8).
A five-step scheme developed for the puri­
fication of the MT has resulted in a 160-fold in­
crease in the specific activity of the enzyme (14). 
Cell-free extracts o f A. parasiticus were prepared 
(step 0) and centrifuged at 20 Kxg to remove partic­
ulate matter. The 20 Kxg supernatant was passed 
through a CDR (Cell Debris Remover, Whatman 
BioSystems Ltd., Hillsboro, OR) column corre­
sponding to lg  CDR for 20 ml of extract (step 1).
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Figure 7. Conversion of sterigmatocystin to O- 
methylsterigmatocystin by methyltransferase.
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Figure 8. Lane 1. SDS-polyacrylamide (7.5% monomeric) gel electrophoresis of 10 (ig of purified methyltransferase, 
showing the migration of the protein subunits (Coomassie Blue stained). Lane 3. Non-denaturing polyacrylamide (7.5%) 
gel electrophoresis of this methyltransferase, migrating as a single band. Lanes 2,4. Detection of the methyltransferase 
protein (under denaturing and nondenaturing conditions) by immunoblotting techniques, using antisera prepared against 
the enzyme (21)
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This product absorbed cells and cell debris, nucleic 
acids, polar lipids and fats, and pigments from the 
protein solution of fungal extracts. The protein in 
the eluate of the CDR column bound to a QMA AC- 
CELL anion exchange column, and the MT activity 
was eluted at 0.13 M KCI (step 2). The MT activity 
did not bind to a Hydroxylapatite-Ultrogel column 
(LKB, Piscataway, New Jersey) at pH 7.5 in 5 mM 
potassium phosphate buffer (step 3). The enzyme 
eluted from a PBE 94 (Polybuffer exchange matrix, 
Pharmacia, Piscataway, New Jersey) chromatofo- 
cusing column at approximately pH 5.0 with a Poly­
buffer 74 HCI (pH 4.0) (step 4). The MT active 
fractions from step 4 were chromatographed on a 
Fracto Gel TSK HW-50F (EM Science, Gibbstown, 
New Jersey) column and migrated at approximately 
160 KDa (Ve/Vo=1.15) (step 5).
The purified protein, when analyzed by 
7.5% SDS-PAGE, showed two protein bands 
(>95% total protein) at approximately 110 KDa and 
58 KDa (Figure 8); the protein migrated as a single 
band on nondenaturing PAGE, and all the MT I ac­
tivity was associated with this protein band when 
gel slices were analyzed for MT activity. The en­
zyme utilized ST (Km = 1 8  (J.M) and SAM (Km = 42 
pM) as substrates. The best achievable specific ac­
tivity for MT I was 379 pKat. The enzyme was rela­
tively unstable at 25°C, losing 90% of its activity 
within 72 h; the enzyme lost 80% of its activity at 
4°C in 3 to 4 weeks, but was stable when stored at 
-80°C. A single pH optimum was recorded for the 
enzyme activity between pH 7.5 and 8.0; the activi­
ty was highest at 35°C. The protein exhibited maxi­
mum absorbance at 278 nm. Based on a molecular 
mass of 168 KDa, the molar extinction coefficient 
of MT was estimated to be 7.87 X 104 M ^cnr1 and 
E M  ° f  about 4.74 per cm.
The amino acid composition of the MT I 
has been determined (12); the amino acid sequence 
for the MT is currently being determined. Poly­
clonal antibodies to the methyltransferase have been 
prepared (D. Bhatnagar, J. Neucere, T.E. Cleveland, 
manuscript submitted); the Ouchterlony double­
diffusion assay showed antibody specificity to the 
enzyme (9). The enzyme could be detected after 
electrophoretic transfer to nitrocellulose by using a 
western blot (Figure 8) with a 1/100 dilution of the 
unpurified serum containing the antibody against 
the enzyme (21). The antiserum to MT I is being
used to screen an expression cDNA library to inden- 
tify the DNA responsible for MT I synthesis.
The anionic methyltransferase (MT 1) rep­
resents between 55 and 75% of the total ST to 
OMST conversion (methyltransferase) activity 
present in the cell-free mycelial extracts, depending 
on mycelial age and growth conditions. The rest o f 
the methyltransferase activity from cell-free extracts 
(designated MT II) bound to a cation-exchange col­
umn. The cationic methyltransferase (MT II) exhib­
ited enzymatic properties similar to those of the an­
ionic enzyme. But the physical properties of MT I 
and MT II differed; the pi of MT II was estimated 
by chromatofocusing to be 7.8 (12). MT II is cur­
rently being purified to homogeneity to determine 
the relationship of this protein to the MT I, inas­
much as the MT I and MT II use the same sub­
strates, SAM and ST.
Recently, Yabe et al. (54) have reported 
that there are two distinct O-methyltransferase ac­
tivities in crude extracts o f A. parasiticus cultures. 
Gel filtration chromatography of the post-microso- 
mal fractions of the extracts separated two pools of 
proteins containing MT activities, one containing 
210 KDa molecules and the other corresponding to 
180 KDa molecules. The results suggest that the 
methyltransferase purified to homogeneity (168 
KDa) may correspond to O-methyltransferase 13 
(180 KDa) identified in their cultures.
Oxidoreductase purification
The oxidoreductase catalyzes the conver­
sion of OMST to AFBj (Figure 9); partial character­
ization of this enzyme activity in cell-free mycelial 
extracts has been reported (19). NADPH promoted 
the maximum oxidoreductase activity, which was 
not detected when FAD, FMN, NAD, or NADH 
were used individually as cofactors in reaction mix­
tures. Attempts to purify the protein have been ham­
pered by the rapid enzyme degeneration that was 
due to either dénaturation or subunit dissociation; it 
is assumed that this protein may exist as a multisub­
unit enzyme complex, catalyzing a very complex 
reaction (7). This enzyme has been only partly puri­
fied (9), but attempts are being made to purify the 
protein to homogeneity. The oxidoreductase was 
observed to bind to a CDR column. Protein was 
eluted from the CDR column by 200 ml of 50 mM 
potassium phosphate buffer (pH 7.4), 10% glycerol,
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Figure 9. Conversion of O-methylsterigmatocystin to 
aflatoxin Bj by oxidoreductase enzyme.
and 2 mM P-mercaptoethanol containing 1 M KCI. 
The protein in this eluate was precipitated by am­
monium sulfate and the activity was obtained in the 
35-65% ammonium sulfate cut. The precipitated 
protein was dissolved in 4 ml of the phosphate buff­
er and dialyzed extensively against the buffer. The 
dialyzed protein was applied to a FractoGel TSK 
HW-50F column (14) to assess the molecular mass 
of the native enzyme. A limited quantity of enzyme 
activity was recovered (less than 15%) at Ve/ 
V o = l.l; the results indicate a molecular mass of 
greater than 175 KDa. The reaction catalyzed by 
this purified preparation o f the enzyme was optimal 
at pH 7.5 and 25-30°C; the apparent Km value of 1.2 
X 10'6M was obtained for OMST for the enzyme by 
Lineweaver-Burk plot analysis. The enzyme, like 
MT I, was found to be anionic at pH 7.5, and it did 
not exhibit any cytochrome P450 characteristics. No 
characteristic cytochrome P-450 CO-difference 
spectra were observed at ambient temperature in the 
dithionite-reduced oxidoreductase fractions. N o  sig­
nificant loss of enzyme activity was observed after 
carbon monoxide was bubbled through reaction vi­
als containing the oxidoreductase in 0.1 M potassi­
um phosphate buffer (pH 7.5) and a few grains of 
sodium dithionite to reduce the cytochrome P-450 
(12). Efforts are currently being made to define the 
reaction conditions required to stabilize the oxi-
Figure 10. Conversion of norsolorinic acid to averantin 
by a reductase.
doreductase activity so that the enzyme can be puri­
fied to homogeneity and characterized further.
A recent study (8) has demonstrated that, 
even though aflatoxins Bj and B2 are synthesized by 
fungi from separate precursors, the same enzymes 
(methyltransferase and oxidoreductase) catalyze the 
late stages of aflatoxin biosynthesis by using sepa­
rate precursors as substrates for the synthesis of 
each toxin. Whole cells o f an isolate of A. flavus 
(SRRC 141), which produce only AFB2, were able 
to produce AFBj in ST and OMST feeding studies. 
The results suggest that the same enzymes may be 
involved in AFB1 and AFB2 biosynthesis. Substrate 
competition experiments were carried out with the 
purified preparation of the oxidoreductase (OMST 
— > AFBj). An increasing concentration of either 
OMST (AFBj precursor) or DHOMST (AFB2 pre­
cursor), respectively, resulted in a decline in pro­
duction of one or the other of the aflatoxins (Bt or 
B2). Similar results were observed in substrate com­
petition studies with ST and DHST and a homoge­
neous preparation of the methyltransferase. OMST 
was a preferred substrate (Km, 1.2 |iM) for the oxi­
doreductase as compared with DHOMST (Km 13.4 
(iM). Similarily, ST (Km, 1.8 |iM ) was a preferred 
substrate over DHST (Km 23 jiM) for a homoge­
neous methyltransferase (ST — > OMST). The ob­
servations are important because elucidation of the
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common biochemical and genetic mechanisms of 
the synthesis o f the two enzymes (methyltransferase 
and oxidoreductase) involved specifically in sec­
ondary metabolism provides a basis for manipula­
tion of toxin synthesis to prevent the contamination 
of crops with both AFBj and AFB2.
Reductase Purification
An enzyme activity catalyzing the conver­
sion of norsolorinic acid to averantin has recently 
been identified in cell-free extracts of 72 h-old A. 
parasiticus mycelia (Figure 10). A five-step scheme 
has been developed for the purification of this 
NADPH-requiring reductase from mycelia of A. 
parasiticus (SRRC 2043); a preliminary report of 
this purification has been presented elsewhere (10). 
The purification of the reductase was carried out 
from cell-free extracts by CDR treatment, QMA 
ACCELL, Hydroxylapatite Ultrogel, DEAE-Ciba- 
cron Blue 3GA-Agarose, and Biogel P-200 filtration 
chromatography. The purified enzyme represented 
about 0.07% of the total extractable proteins, but 
nearly 20% of the total activity was recovered, with 
a 300-fold increase in the specific activity. Results 
of gel filtration chromatography indicated that the 
approximate molecular mass of the native protein 
was 40 KDa. SDS-PAGE provided a homogeneous 
protein band with a molecular mass of approximate­
ly 36 KDa. A preliminary estimate of the molar ex­
tinction coefficient o f the enzyme at 200 nm was 
6.66 x 104 M 1 cm4 in 50 mM potassium phosphate 
buffer (pH 7.5). The reaction catalyzed by the re­
ductase was optimum at pH 7.5 and at 30°C. The 
Km of the enzyme for norsolorinic acid was 0.8 |iM.
In studies on the enzymology of aflatoxin 
biosynthesis, Hsieh et al. (36) have focused on the 
enzymatic conversion of VHA to Ver A. A VHA- 
utilizing activity was detected in the soluble fraction 
of an Aspergillus parasiticus ATCC 15517 cell-free 
extract (Figure 4) and the enzyme activity was part­
ly characterized (51). The enzyme activity seemed 
to convert VHA to Ver A and was tentatively 
named “VA synthase or VAS.” VAS was purified 
by monitoring the amount o f [14C]-Ver A formed 
from [14C]-VHA by using thin layer chromatogra­
phy. The purified enzyme contained two subunits, 
with molecular weights of 92,000 and 130,000, re­
spectively (36). In a refined purification procedure, 
the enzymatic reaction was monitored by HPLC
(36). The major product of the reaction was a water- 
soluble compound, versiconal hemiacetal alcohol 
(VAL), that was not chloroform-extractable at pH 
7.5. The product becomes chloroform-extractable 
(versicolorin C) upon acidification of the reaction 
medium (Figure 4). The authors are currently exam­
ining the importance of the enzymatic reaction in 
the formation of the bis-furan ring of aflatoxins.
Genetics of Aflatoxin 
Biosynthesis
Some attempts have been made by a few 
scientists in developing transformation systems for 
the aflatoxin-producing fungi, with an attempt to 
isolate genes associated with aflatoxin biosynthesis 
(2, 33,45). Homg et al. (33) have reported the isola­
tion of the Aspergillus parasiticus trp C gene by 
complementation (at a multiplicity of less than
0.001) of E. coli mutants with a genomic library of 
A. parasiticus constructed in the bacteriophage 
lambda vector EMBL3. Woloshuk et al. (52) have 
developed a heterologous transformation system for 
A .flavus  with efficiencies greater than 20 stable 
transformants per pg DNA. The identification of 
production of ST by two transfers of genetically 
well characterized Glasgow strains of A. nidulans 
(30) has important implications for future basic re­
search on the biosynthesis and genetics of ST and 
aflatoxin. The transformation system and the avail­
ability of aflatoxin-negative mutants (45) provide a 
new approach to studying the biosynthesis and regu­
lation of aflatoxin. But our approach (described be­
low) to the selection of DNA (cDNA or genomic 
DNA) specific to aflatoxin biosynthetic enzymes 
offers a more efficient and direct approach for iden­
tifying the genes involved in aflatoxin biosynthesis.
Previous investigations (21) have used en­
zyme assays and serological detection techniques to 
identify the appearance of the methyltransferase 
enzyme activity; the appearance of the activity coin­
cides with the appearance o f new methyltransferase 
protein near the cessation of active mycelial growth 
and the onset of aflatoxin biosynthesis. The results 
indicate that accumulation of methyltransferase ac­
tivity and proteins in late-growth-phase mycelia is 
due to de novo protein synthesis. Therefore, mRNA 
templates during elaboration of MT and OR en­
zymes were used in cDNA synthesis.
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cDNA Library Synthesis
mRNA was isolated from A. parasiticus 
mycelia slightly before (40h after spore inoculation) 
the time that the methyltransferase and oxidoreduc- 
tase proteins appeared. The active preparations of 
the mRNA were identified by using the Promega 
Rabbit Reticulocyte Lysate in vitro translation assay 
(Fisher Scientific, Springfield, New Jersey). cDNAs 
were contracted by using the active mRNA popula­
tion as a template in the presence of MLV reverse 
transcriptase (first strand synthesis) and DNA poly­
merase (second strand synthesis). Nearly 0.25 (ig of 
double-stranded A. parasiticus cDNA was synthe­
sized with 10 jig mRNA (Table 3). cDNA libraries 
have been constructed in the plasmid vector, PUC 
19 (7,12), and in the expression vector, lambda gt 
11 (20). Results indicate that most cDNA inserts 
obtained ranged from 0.6 to 4.0 Kb in the unampli­
fied, lambda gt 11 library of 1.5 X 106 plaque-form­
ing units (Figure 11).
The expression library is now being 
screened individually with antisera against enzyme 
proteins that catalyze specific steps in the aflatoxin
1 2 3 4 5 6 7 8
Lanes
Figure 11. Visualization under short wavelength UV- 
light of ethidium bromide-stained agarose gels, showing 
the migration of the cDNA inserts cloned into the EcoRI 
restriction site of the lambda gt 11 vector DNA. The lanes 
represent cDNA inserts from 7 clones randomly selected 
from the cDNA library.
FigurG 12. Immunoblotting of lambda gt 11 library with methyltransferase antisera. Left panel. The original library. An 
aliquot of original library was plated on a lawn of E. coli, and the protein from about 100 plaques was lifted onto 
nitrocellulose paper and immunoassayed. Right Panel. Methyltransferase antibody-positive clone. A methyltransferase 
antibody-positive lambda clone from the original library was selected, plated on a lawn on E. coli, and screened for 
immunoreactivity with the antibody three consecutive times; illustrated is the third screening, in which the proteins from 
several plaques of this clone were lifted onto nitrocellulose paper and immunoassayed.
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Table 3. Synthesis of double-stranded cDNA from 
partly purified Aspergillus parasiticus mRNA
Starting Double-stranded
mRNA (ng)1 cDNA
synthesized (|ig)2
5 0.11
20 0.24
40 0.89
1 The poly A+ mRNA was extracted from fungal mycelia 
at the time of onset of synthesis of enzymes involved in 
aflatoxin biosynthesis (9).
2 The double-stranded cDNA was synthesized as de­
scribed earlier (12).
biosynthetic pathway. Several MT antibody-posi­
tive clones have been identified in the expression 
library (Figure 12). When the amino acid sequence 
of MT is known, MT clones will be confirmed by 
using oligonucleotide probes and nucleotide se­
quencing, based on the amino acid sequence infor­
mation. Ultimately, several of the aflatoxin path­
way cDNAs will be identified and used as hybrid­
ization probes for the monitoring of specific afla­
toxin gene transcripts (mRNAs) and for identifica­
tion of the native pathway genes.
In conclusion, genes have not been isolat­
ed from aflatoxin-producing strains of Aspergillus; 
research efforts have focused on development of 
tools essential for the detection of the genes re­
sponsible for aflatoxin biosynthesis. Enzymes spe­
cific to the aflatoxin biosynthetic pathway have 
been identified, purified, and characterized. A 
cDNA library of A. parasiticus has been construct­
ed. The purpose of this library is to establish the 
relationship between the genetic information and 
the production of specific secondary metabolic en­
zymes in aflatoxin biosynthesis. After the pertinent 
relationship is established, it will be possible to use 
the information toward the development o f effec­
tive, genetically based strategies for reducing or 
eliminating aflatoxin contamination by introduction 
of appropriate biocontrol measures.
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